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ABSTRACT

Navigation and control for Centaur interplanetary

spacecraft are studied. The characteristics of interplanetary

transfer trajectories to Mars and Venus and the accuracies and

propellant requirements associated with interplanetary celestrial

navigation were determined by analysis and machine computation.

The design for a self-contained guidance and control system and

studies on its components and environmental factors are

presented. A discussion is given of digital computer techniques

which are applicable to spacecraft navigation and control tasks.
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CHAPTER 1

GENERAL CONSIDERATIONS AND SUMMARY

Introduction

The objective of this study has been the formulation of

practicable techniques and equipment characteristics for the

navigation of interplanetary spacecraft to be launched by

Centaur boosters beginning in 1964. It is clear that two funda-

mental conditions prevail, and these have directed the course

of the investigation. First, a detailed description of spacecraft

missions and configurations does not at present exist. Second,

it is known that the accomplishment of the navigation and

stabilization functions will require the development of a well-

integrated guidance and control system.

In analytical work, therefore, we have focused onr

attention on orbital and navigational calculations which are

applicable to interplanetary missions in general. Similiarly,

in equipment studies we have evolved a self-contained guidance

and control system (see Fig. 1-1) which could be packaged in a

small cylindrical container and which would require little or no

adaptation to permit integration with a wide variety of Centaur

payload configurations.

Before presenting the results of the study, it is

interesting to speculate on the various application of such a

guidance and control system. It can be anticipated that inter-

planetary spacecraft within the domain of Centaur payloads and

within the time period under consideration will probably con-

duct these missions by using one or a combination of the following
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ope rations:

I. the atmospheric injection of an aerodynamic vehicle

on a trajectory of some specified maximum acceleration

for landing on the planet,

2. the injection of the spacecraft into satellite orbit

about the planet, more or less accurately,

3. the accurately guided passage of the spacecraft near

the planet, perhaps for effective reconnaissance,

4. the accurately guided passage of the spacecraft near

the planet with its later return to the earth or its

vicinity for the landing of a recovery capsule or for the

communication of large quantities of stored data at short

range.

Preliminary analysis indicates that many probable

guidance and control requirements for the above operations can

very likely be met by a guidance and control system which would

weigh 70 pounds and be packaged in a cylinder having a ll-inch

diameter and a 22-inch length.

I Orbital Calculations

The results of extensive orbital calculations on transfer

trajectories from the earth to Mars or Venus are presented in

Chapter 2 of this report. The characteristics of these tra-

jectories are given as contours on plots of launch date versus

transit time. The data presented include the required orbital

injection velocity, the iocatioP_ of the injection point, the approach

velocity relative to the subject planets and the communication

range and a_gle from the sun at the time of approach.

All of these calculations have been carried out using

a three dimensional solar system and elliptical planetary orbits.

One can observe the significance of these effects by comparison

of the 1962 and 1964 Mars trajectories, for example. These

i0
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plots can not be overlaid without discrepancies of approximately

two tenths of a year.

The studies indicate the desirability of considering some

longer transit time trajectories for certain applications. For

example, the payload into satellite orbit around Mars is much

greater using a trajectory having an 0.85 year transit time

rather than one requiring only 0.5 years due largely to the low

relative velocity of approach to Mars for the longer transit

orbit.

II Navigational Calculations
i ill

Several trajectories to Mars and Venus were used in the

navigation optimization studies presented in Chapter 3. Using

the angles between pairs of celestial bodies including the sun,

the two nearest planets (including the moon), and the ten

brightest stars, the inaccuracy in spacecraft position determi,

nation was calculated at regular times along the trajectory. The

"best" combination of observations for each time was determined.

Numerous combinations of these optimum fixes were used

in analysing the amount of maneuvering required and the re-

sulting accuracies in the arrival at the subject planet. The

relationship between the required maneuvers for a given

navigational accuracy is shown.

The results obtained in this optimization program were

substantially better than those reported in R-235*because of the

greater generality permitted in the positional fix and the use of

variable-time-of-arrival navigation. A maneuvering capability

of 150 ft/sec, rms. is sufficient to obtain navigational accu-

racies of 15 to 50 miles rms at the destination. This accuracy

is more than sufficient for most missions.

SNore: Throughout this report it is assumed that the reader has

a familiarity with Instrumentation Laboratory Report R-235.

11
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III Mission Performance

The 15 to 50 mile navigational accuracies established by

the Chapter 3 studies enables the entry of experimental e-

quipment into the atmospheres of Mars or Venus with very

reasonable peak accelerations. The atmospheric entry calcu-

lations of Appendix A determine the peak drag acceleration

associated with the atmospheric entry of a reasonable non-

lifting aerodynamic vehicle for various velocities and points of

aim. The 15 to 50 mile rms navigational errors establish the

necessary atmospheric entry corridor widths of 60 to 200 miles

in the point of aim if there is to be only a 0. 025 probability for

exceeding the specified peak accelerations and for failure to be

captured by the planet. From Appendix A it is determined that

these corridor widths are associated with peak accelerations of

3 to 8 earth g's for vehicles approaching Mars with a relative

velocity of i0, 000 feet per second. Similiarly, the specified

peak accelerations for vehicles approaching Mars with a

relative velocity of 20, 000 feet per second are 8 to 16 g's. For

Venus the corresponding peak accelerations are 15 to 45 g's for

a velocity of i0, 000 feet per secondand 25 to 80 g's for a velocity

of 20,000 feet per second.

The injection of a spacecraft into a satellite orbit about

a planet can be accomplished with considerable accuracy.

Obviously the location of the perigee can be established with the

same order of accuracy as that with which the spacecraft can be

guided to a specified point of aim. Since the velocity deviations

from the nominal values at the points of aim, established in

Chapter 3_ are i00 to 200 feet per second, the ellipiticity of the

satellite orbit can be established with an accuracy of better than

0.1 in the case of Mars. The orbital plane can have an accu-

racy of better than one degree.

Clearly the navigational accuracies quoted here are

considerably better than needed for the effective deployment of

12
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telev:sion reconnaissance or other likely missions for near pass

operations. The required accuracies, however, can be had

through the use of the same guidance scheme with somewhat

less propellant required for :,'_anuevers.

Round trip orbits and missions have been adequately

covered in R--235. The resuJts of the present navigation study

indicate; however, that much less manuevering capability is

required for the round trip orbits than indicated in R-235. This

is the result of optimized fix and manuever programming.

IV Centaur Interplanetary Guidance and Control System

The guidance and control system shown in Fig. i-i and

described in Chapter 4 is essentially a rescaled, modified, and

improved version of the guidance and control system presented

for the space probe in R-235. Its subsystems include a general

purpose digital computer, a space sextant, an electro-mechanical

assembly having flywheels, gyros, and an accelerometer,

electronics for power supplies and the operation of accessories,

and a thermal control. The subsystems are packaged within an

environmentalized structural container. The system weighs 70

pounds and is essentially independent of the spacecraft of which

it is a parl. Tile spacecraft provides the supply of electrical

energy for the opera_ion of the system and the propulsive system

to execute it_ manuevers.

As m R-235, the equipmem is organized around a highly

specialized general purpose digital computer. Much logical

design technique, and circui_ development for ,he appropriate

type of computer i_as been carried on durin_ tl_e past year in

eonnectiop with o':ber Laboratory projects. A comprehensive

discussion of ";his work is given in Appendix E of this report.

Separate]y in Chapter 5 Section VI a discussion of the computer

tailored for speacecraft is pres ented for contrasl with the

general discussion of Appendix E.

13
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In addition to flywheel rescaling for a larger vehicle,

other changes have been made from R-235 in order to make the

operation of the guidance and control system more independent

of the characteristics of the spacecraft of which it is a part.

The solar vanes, an element which very strongly affects

spacecraft configuration, have been replaced for angular

momentum trimming by an iodine jet. The operation of this

jet is described in Chapter 4 and its preliminary design is

presented in Chapter 6. The use of torqued gyros for monitoring

attitude changes instead of the use of flywheel revolution

counting removes the need for accurate axis and moment of

inertia information and results in a more accurate and versatile

system.

The subsystem studies presented in Chapter 5 result in

significant system improvement and development. The most

prominent of these studies is the development of an improved

space sextant design having greater accuracy, reliability, and

simplicity. (see Fig. 1-2)

Much useful information on environmental problems has

been presented in Chapter 7. Here the space and the booster

environments are considered from the viewpoint of the guidance

system engineer. Several novel ideas are presented including

an "oily rag" concept for the oil vapor pressurization and

lubrication of mechanisms which have precision and high speed

moving parts and which are exposed to high vacuum.

Ref. Instrumentation Laborato_y Report R-235, " A Recoverable

Interplanetary Space Probe, " prepared by the M. I. T.

Instrumentation Laboratory in collaboration with the Avco

Corporation, the Lincoln Laboratory of Massachusetts

Institute of Technology, and the Reaction Motors Division

of Thiokol Chemical Corporation, July 1959.

16
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CHAPTER2

ORBIT STUDIES

This chapter is concerned with the theoretical analysis of

interplanetary orbits in relation to propulsion requirements, ap-

proach velocities at Mars and Venus, and similar considerations.

For the most part, the mathematical developments and techniques

are those previously reported in Chapter 4 and Appendix A of

Report R-235, to which the reader is referred for details. The

principal changes in theory or in points of emphasis for this re-

port relate to:

(a) enlargement of the region of search for orbits

resulting from removal of the restriction that

the payload return to Earth, and from increase

in the maximum permissible velocity of de-

parture from Earth,

(b) increased attention to the configuration of the

planets at the time the vehicle arrives at Venus

or Mars, insofar as it affects the communica-

tion link at that time,

(c) partial consideration of the geometry relating

to injection.

Results of the analysis and calculations are generally presented

in the form of contour maps, in which the coordinates are time of

launch, TL, and time of flight, TF, and the contours represent

constant values of the quantity under study. Results are partially

interpreted in terms of the objectives of this report; however, the

21
_",*_'RN 5337
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presentation is sufficiently general to admit other applications

as well.

In Section I, an approach to the geometry of the injection

problem is formulated as a background for some of the data

shown later. Section II presents the main results of this chapter:

plots covering Mars orbits for the period 1962-65 and Venus or-

bits for 1962-64 in some detail. Finally, in Section III is pre-

sented data relating specifically to the interesting prospect of

placing a payload into an orbit about Mars or Venus. The Calcu-

lation, though fairly approximate, gives a reasonably clear indi-

cation of the range of payload weights that can be expected with

the vehicle presently under consideration.

I. Analysis of Injection Geometry for Interplanetary Orbits

The general problem considered in this section is the de-

termination, for a specified interplanetary orbit, of a final stage

burning point and a circular coasting orbit from (say} Canaveral

which maximize the attainable post-injection payload. The de-

rivation and subsequent calculations are made subject to the

following procedure s and as sumptions :

(a) An elliptical interplanetary orbit from Earth to the

destination planet is first determined, neglecting

all gravitational fields except that of the Sun. This

orbit is computed in three dimensions, using ellip-

tical motions of all planets concerned.

(b) The nominal time of launch from Earth is taken to

be that time at which the elliptical interplanetary

orbit intersects the orbit of Earth. The velocity

vector of the spacecraft relative to the Earth at

this instant is denoted by Vr.

(c) Injection takes place from a circular coasting orbit

about a spherical rotating Earth.

22
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(d) Motion of the spacecraft in the vicinity of Earth is

assumed to be along a hyperbolic path relative to

Earth, and such that the asymptotic value of the

relative velocity vector is the vector Vr defined in

(b) above.

(e) It is assumed that the actual time of launch can vary

twelve hours or more from its nominal value with-

out seriously affecting the interplanetary orbit para-

meters. As a result, it is assumed that the circu-

lar coasting orbit plane may be rotated arbitrarily

about the North polar axis. Stated otherwise, once

the desired spatial orientation of this plane is de-

termined, it is assumed that the Earth may be so

rotated as to bring the launch point into this plane

at the nominal time of launch.

(f) Injection is presumed to occur via an instantaneous

change of velocity from the circular coasting orbit to

the hyperbola. This is assumed to occur in the hor-

izontal plane so that this point is the vertex of the

hyperbola.

(g) The point of injection is presumed to be independent

of geographic restrictions; it may occur anywhere

about the circle that is otherwise suitable'. It is

assumed to take place during the first trip around

the orbit, however.

Before proceeding, a few additional remarks in elaboration

or qualification of these assumptions are in order. In the first

place, the computations presume Canaveral as a specific launch

point, and further designate one of three selected values (45 ° , 100 °,

110 °) for the azimuth direction of the coasting orbit through the

* Actually, shipboard tracking of the injection phase is postulated,
but the calculation does not itself verify that injection occurs over

an ocean area.

23
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launch point. This in turn specifies the angle of inclination of the

coasting orbit to the equatorial plane. In view of this, (e) above

means that exactly one degree of freedom (namely, rotation about

the polar axis) is available in fixing the plane of the coasting orbit.

The combination of Canaveral and a specified value of azimuth

can, of course, be replaced, without altering the results, by any

other such combination that gives the same inclination angle.

With regard to assumption (g), it has proved simpler computa-

tionally to determine the optimum location for injection around

the coasting orbit and only afterwards to compute where this

point lies on the Earth's surface. Thus, plots relating to injec-

tion location are presented, which can than be examined with the

aid of a map.

Item (f) is a simplifying assumption which has the desirable

effect of eliminating one rather awkward parameter from the cal-

culations at relatively little cost. If one considers the problem of

transition from a completely specified circular coasting orbit into

a hyperbolic motion resulting in a specified asymptotic velocity

vector, the one available parameter is the location around the

circle at which the transition occurs. For each such location

there is a readily computable impulsive velocity change, deter-

mined in both magnitude and direction, which will place the vehicle

on a hyperbola with the desired terminal velocity. The theory is

simple enough so that one would hope to obtain optimum results by

purely analytic means; the author has not yet been able to do this.

Rather simple numerical studies,

reasonable ranges of values of the

rection of the asymptotic velocity)

perry is in evidence. Considering

however, have shown that for

parameters (magnitude and di-

the following interesting pro-

permissible injections to occur

with a velocity impulse which lies either in or above the horizontal

plane, the horizontal injection is always best. However, in a

large class of cases, slightly improved results (i. e., a smaller

required impulse) can be attained by allowing a small downward

component to appear in the velocity impulse. At a nominal altitude

24
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of 126 miles, a velocity vector tilted a few degrees downward

could perhaps be tolerated, if a lower limit of 100 miles altitude

were acceptable in the post-injection phase. Since the velocity

reduction does not appear to be large in any cases except those

in which the required impulse itself seems too large to be ac-

ceptable, this possibility has not been followed through to any

further conclusion.

With the preceding material as background, consider

briefly the mathematical analysis of the injection problem: Given
I

(a) from the interplanetary orbit calculation, the components Vrx,
!

Vry, and V'rz of the asymptotic relative velocity vector, referred

to an inertial set of axes in which x is in the direction of the ver-

nal equinox, and the x, y plane is the ecliptic; (b) the launch point

latitude and longitude _L' OL relative to the Earth; (c) an azimuth

angle a L of the velocity vector at launch. The requirements are:

(a) orientation of the circular orbital plane by rotation

about the North polar axis (i. e., performing the

equivalent act of determining the time of day of

launch),

(b) location of the injection point, i, about the circular

orbit,

(c) orientation of the plane of the hyperbola about the

direction of_- as an asymptote (this step is not in-
r

dependent of (a) and (b)),

such that the velocity impulse in transition fr,_m coasting ^-_-'* "-v. vz LSlL LU

hyperbola is minimized, subject to the assumptions made.

First resolve v r into componeni.s associated with the Earth's

polar axis equatorial plane, according to the relations

25
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V = V

rx rx

! !
V = V COS E - V sin 6

ry ry rz

! !

v = v sin 6 +v cos 6
rz ry rz

(2-1)

where _ is the angle of inclination of the ecliptic (_23.5o).

Let /3 be the angle made between the circular orbital plane

and the equatorial plane, as shown in Fig. 2-1. Then/3 may be

calculated from

cos _ = cos _bL sin a L (2-2)

Now if the injection velocity impulse is constrained to lie

in the horizontal plane, so that it occurs at the vertex of the hy-

perbolic path, there is a unique magnitude v h required for the

hyperbolic velocity immediately after injection in order to achieve

a desired magnitude v r of velocity asymptotically. This magni-

tude is

Vv + (2-3)
2

Vh= r _ '

where r is the radius of the coasting orbit and p is the gravita-

tional constant of Earth. The impulse required to achieve v h from

the velocity

v c (2-4)

of the coasting orbit is given by

=_/ 2 2VhV cos ¢ (2-5)Av Vh + Vc2_ c '

where _ is the angle (in the horizontal plane) between v c and v h.

Since v r is specified from the desired interplanetary orbit charac-

teristics and r, the radius of the coasting orbit, is given, both v
C

2_
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and v h are determined. The only variable in Eq (2-5) that can be

altered by selection of the orientation of the coasting orbital plane

is the angle _; clearly _ is to be made as small as possible if Av

is to be minimized.

At this point a relatively simple geometric construction

permits solution of the minimization problem. _ is the angle be-

tween the planes of the circular and hyperbolic orbits. Let the

vector n (Fig. 2-1) be the unit vector normal to the coasting or-

bit and let _,(Fig. 2-2) be the angle fromv h to v'--r. If v'--r is

broken into components parallel and normal to the direction ofr,

the radius vector common to the two planes (i. e., the vector

drawn from the center of the Earth to the injection point), and if

it is further noted that r is normal to n, then

n • v r = v r cos _,sin _. (2-6)

Since "y depends only on Vr, Eq (2-6) states that I _ nis minimized

by minimizing the scalar product I n', Vrl; that is, by making the

direction of n as close to orthogonal to v r as is possible.

The vector n has one degree of freedom; it describes a

cone about the North polar axis with the fixed angle /3 (Fig. 2-1).

If we construct a plane through the center of the Earth and nor-

mal to _r' it is clear that this plane intersects the cone twice or

not at all (or is tangent to it, in one isolated case). In the former

case, there are two distinct directions of _, the two lines of inter-

section, in which

n • v = 0. (2-7)
r

-- -- is made as small as possible by assigningIn the latter case, n • v r

n the direction of the trace on the cone which lies closest to the

plane; that is, the trace whose projection onto the equatorial plane

is 180 ° away from that of-v" r.

28
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In the event Eq (2-7) is satisfied, we say that there exist

two "optimum solutions". The corresponding angles _ are both

zero and hence the circular and hyperbolic orbit planes coincide.

The two solutions are indeed distinct and lead to geographically

distinct locations for injection.

Let 6 be the angle between the North direction, N, and

We assume in what follows, that 6 < _/2 If Eq (2-7) pos-er " '

sesses no solution, there exists a single "non-optimum" solution

for which

_ = sin-i L[C°S-(_ +6)].cos 7 (2-8)

Clearly for @ to exist it is necessary that _ + 6 >7; if not, no

horizontal injection is possible. In our computations, no cases

have been noticed for which this test fails, however, such cases

are quite possible theoretically.

For the non-optimum case, vectors v r, N, and n are co-

planar, as shown in Fig. 2-3. Let LN be the line of nodes for the

coasting orbit with respect to the equatorial plane, as shown in the

figure. Then the injection point is determined by the angle a in

the figure, which may be computed from

a : sinrl [ sin'y ] (2-9)
sin (_ + 6)

Fig. 2-4 illustrates the geometry of the optimum case.

Here we find

- 1 cos 6

a : 7 jl cos (s--l-_n9 . (2-I0)

in which the inverse cosine is understood to range between the

values 0 and 7r, and the two signs correspond to the two distinct

solutions.

Knowledge of the angle a for either the optimum or non-

optimum ease permits calculation of the total angle traversed in

3O
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circular orbit from launch to injection. This in turn permits

computation of the required time, assuming motion at constant

orbital speed. To this time has been added a correction of 200

seconds representing the approximate difference between the

time actually required to climb into orbit and the time required

to traverse the same distance at orbital speed. The rotation of

the Earth during the period from launch to injection may then be

computed and combined with the longitude traversed in a non-

rotating coordinate system to yield the location of the injection

point with respect to the Earth's surface.

As the final step in calculation, a quantity is computed

which we call the "injection velocity", vi, given by

v. =v _-Av
1 C

= v c+_v2 + 2 v h cos _b.c v h - 2 v c (2-11)

This quantity is the same as v h for optimum injection, and thus,

under optimum conditions, depends only on v r and not on launch

azimuth. For non-optimum conditions, ¢ is non-zero and v.
1

exceeds v h by an amount that is a function of the particular

coasting orbit selected. The quantity v. is a direct measure of1

the total propulsion required to launch the spacecraft into the

de sired interplanetary orbit.

5337



II. Interplanetary Orbit Data

As the first step in study of the feasible range of inter-

planetary orbits to Mars and Venus, a coarse orbits search was

made for the purpose of outlining the general areas within which

further detailed exploration was advisable. The independent vari-

ables used in this search, as in the detailed studies, were the date

of launch and the time of flight. All orbital calculations were made

on the basis of elliptical trajectories of both spacecraft and planets

about the Sun, in three dimensions.

For the coarse search, the time of launch ranged from

1962.0 to 1967.0 at an interval length of 0.1 years, for both Mars

and Venus. The time of flight values chosen were from 0.3 to 1.8

years, at an 0.1 year interval, for Mars, and from 0.1 to 1.0

years, at an interval of 0.05 years, for Venus. As a result of this

search, five areas were outlined for detailed examination; they

were chosen on the basis of the computed injection velocity, v i ,

for the 110 ° launch azimuth coasting orbit. Values of this velocity

up to and including 42,000 feet per second were selected for in-

vestigation. As a result, each of these areas was covered with a

series of contiguous rectangles within which orbits were computed,

along with injection data for the 110 ° , 45°_ and 100 ° launch azi-

muths, at an interval of 0.02 years in both time of launch and time

of flight. Due to lack of time, only four of these five areas were

actually studied; they may roughly be described as the periods

1962.6 to 1963.7 and 1964.7 to 1965.8 for the planet Mars, and

1962 1 to i_oo .......• ivuJ.2 and la_ 7 to !964.7 for Venus. Altogether,

approximately 6500 points were computed in this detail study. In

the general region designated by the coarse search, one further

Venus area, 1965.2 to 1966.3 remains to be studied, together

with a fragment of an area of useful Mars orbits in the latter part

of 1966.

A series of contour maps was selected as the means of

displaying these data in a form which summarizes the key informa-

34
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tion relating to feasibility of various missions in an understandable

way. These maps, which comprise the main body of the rest of

this chapter, present plots in which launch date and time of flight

are the axis coordinates. Within the areas for which data were

computed (i. e., areas for which v i does not exceed 42,000 fps),

contours are drawn representing constant values of such quantities

as relative velocity at the destination planet, injection velocity,

and location of launch position.

The process whereby the contours were obtained involves

linear interpolation between consecutive data points separated by

0.02 years (i.e., about 1 week) in either time of launch or time

of flight. As finally presented, the data generally appears to be

accurate to 1 ]16 inch or better; in the regions near 180 ° orbits

the data points appeared to fluctuate by about this amount, where-

as farther away from this region the data were quite smooth.

Because of the pattern of rectangles chosen for defining the region

of computation, it often happened in making the plots that a curve

would pass through a region in which no data existed, only to re-

enter the data field at a later point. In these cases, the curves

have been shown as continuing, but are composed of dashed lines

to indicate that actual data points were not used.

One of the key questions concerning the relative merits of

a self-contained navigation system versus one which operates

primarily by a radiation link with Earth, is the feasibility of the

radiation link at the time the destination planet is intercepted.

Clearly those orbits which provide a severe limitation on the ra-

diation link at intercept are more likely for consideration for a

self-contained system. Granting that a communication link is

necessary, in any event, at or about this time, its critical role

may be somewhat reduced if it is required only to transmit scien-

tific findings at a leisurely rate of information flow, rather than

play a vital role in the control of the vehicle itself at this time.

As a result, it was considered of interest to include the distance
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from Earth to the destination planet, as well as the apparent angle

away from the Sun, in our studies.

These two quantities depend solely upon the configuration

of the planets at the time of arrival at the destination. As a re-

sult, the distance R from Earth to Mars or Venus and the angle

A s made by the line of sight to the planet with the line of sight to

the Sun, can conveniently be plotted as functions of the single var-

iable T A = T L + TF, which is the time of arrival. Plots of R and

A s are shown in Fig. 2-5 for Mars and Fig. 2-6 for Venus. To

interpret these plots in relation to the contour maps shown later,

it is necessary only to realize that a line of constant arrival time

on the contour map is a straight line with a slope of -450; thus,

for example, lines for the values R = i. 0 and I. 5 astronomical

units are shown on the injection velocity contour of Fig. 2-8.

One of the prineipal differenees between the present study

and that done in R-235 lies in consideration of the injection pro-

blem as described in Section A of this chapter. Contour maps

have been constructed representing constant values, every 30 °,

of the longitude of the point of optimum injection, for one or more

of the three values used for launch azimuth. To interpret these

data in terms of geographic location, a map has been provided

(Fig. 2-7) upon which are plotted the three coasting orbits. This

was felt to be simpler and more manageable than separate longi-

tude and latitude contours. From the contour plot, a value of

longitude may be obtained, which is then used in conjunction with

Fig. 2-7 to obtain geographic position.

Turning now to the main data, Fig. 2-8 to 2-21 cover the

two areas of interest for Mars, and Fig. 2-22 to 2-32 the two

Venus areas. The plotted contours represent selected values of

injection velocity, v i, velocity relative to the destination planet,

and the first and second values of injection longitude, for various

values of launch azimuth. No attempt has been made to include

all of the possibilities in this presentation; rather, certain basic
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data are given for all four of the data sets, to which is added

selected supplementary data for comparison.

The injection velocity, vi, is the quantity computed in the

previous section, eq. 2-11, and represents the total required

velocity from launch to injection. It depends upon launch azimuth

only in the event that the injection is non-optimum; otherwise,

when the injection impulse occurs in the direction of the circular

orbit velocity, vi is identical to vh and thus is a function only of

v r. For Mars orbits, injection has, generally, been found to be

optimum. The contours of Fig. 2-8 divide naturally into two

essentially disjoint areas, which are distinguished by the total

angle travelled about the Sun from Earth to Mars. The lower re-

gion corresponds to the relatively faster trips which travel less

than 180°; the much larger upper region eorresponds to orbits

of greater than 180 °. Incidentally, no orbits were considered

which travelled more than one complete revolution about the Sun.

In the region generally near to 180 °, which separates the two

areas of contours, the orbits are usually not close to the plane of

the ecliptic because of the three dimensional character of the

motion. As one result, the required velocities of departure from

Earth become high, as is seen from the crowding of the injection

velocity contours in this area. Another consequence is a tipping

of the relative velocity vector vr away from the equatorial plane

by enough to prevent injection from being optimum. As a result,

the injection velocity contours for different values of launch azi-

muth are found (e.g., Figs. 2-16 to 2-18) to differ primarily in

the region near 180 ° . Venus orbits, however, appear to include

a somewhat greater proportion of non-optimum cases, as is seen

by comparison of Figs. 2-27 to 2-29.

The velocity relative to the destination planet, shown in

Figs. 2-9, 2-19, 2-24, and 2-30, is that eomputed from the ellip-

tical solar orbits; i.e., that which would be the asymptotic value

along the approach hyperbola. This quantity is of interest not

only in determin'mg feasibility of entering the planetary atmosphere
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but also has an effect on the relation between navigation accuracy

and fuel consumption in the final approach to the planet. In both

instances it is advantageous that the relative velocity be low.

Therefore, it is a pleasant surprise to note that, for Mars, the

regions of low values for relative velocity at Mars appear to more

or less coincide with a region of relatively low injection velocity

required to achieve the orbit. Unfortunately, these areas in no

manner coincide with a region in which the distance from Earth to

Mars is low upon arrival. For Veto:s, however, most of the or-

bits fall within a region in which the distance from Earth is one

astronomical unit or less at arrival.

There is relatively little to say about the contours of con-

stant injection longitude, except to note that, in the case of non-

optimum injection for which only one value of injection longitude

exists, it has been designated as injection longitude 1. The re-

gion in which the curves are closely crowded together again

corresponds to that of approximately 180 ° orbits. Only for the

Mars 1962-63 case have injection longitudes been shown for other

than the primary launch azimuth of 110 ° .

III. .Orbital PaTload Capabilities

One of the more intriguing possibilities for the type of

vehicle considered in this report is that of placing a significant

scientific payload into orbit about Mars or Venus. To explore

this possibility, even though briefly, a rather approximate set of

....... +_,_= ,-_Q m_de leadin_ to the contour maps shown in

Figs. 2-33 to 2-36. These contours show the payload weight

which can be placed into orbit according to the relations which

follow:

m
o

AV

= interplanetary payload (lbs)

= 2480 - 0.36 (v i - 36000)

= Z_vn + _v o

60WWRN " 5337
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Av
n

AV
0

m
P

= 300 fps = assumed constant velocity increment required

for navigation

2_p _p (i+e)

_/ r]. r r

= velocity increment required to enter an elliptical orbit

of eccentricity e and minimum radius r about a planet

of gravitational attraction pp from a hyperbolic path

with asymptotic relative velocity Vrp.

=mo _l+k) exp('AV/Ispg}_- K }

= payload mass into orbit

where I is the assumed specific impulse and where K is the
sp

ratio WT/W F of tank weight to fuel weight.

A fixed minimum orbital radius of 6000 miles was assumed

with a value E = 0.9 for eccentricity selected to make the required

velocity impulse small. Two cases were considered, corres-

ponding to low and high thrust vehicles:

Case A: Isp = 200 sec., WT/W F = 0.1

Case B: Isp = 300 sec., WT/W F = 0.25

It is seen from the plots that the two cases significantly affect the

available payload capability, but that in either extreme a 500 lb

capability would appear quite feasible.
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CHAPTER 3

NAVIGATION STUDIE S

Introduction

A general scheme for self-contained interplanetary navi-

gation has been described in Report R-235. The process involves

a sequence of velocity corrections at a number of preselected

check-points based on deviations in position from a planned tra-

jectory. Position determination is made by on-board optical

measurements of angles between lines of sight to various celes-

tial objects and of the apparent angular diameters of planets. The

translation of positional errors into required velocity corrections

is made by the spacecraft computer. Then, in turn, the micro-

rocket propulsion system alters the velocity of the vehicle under

direct control of the computer.

The purpose of this chapter is to describe certain exten-

sions which were made in the implementation of the guidance theory

in an effort to improve both the navigational accuracy and the fuel

requirements, in cur previous studies the specific pattern of

celestial sightings had a certain degree of flexibility within an

otherwise rigid framework of somewhat arbitrary restrictions.

The digital computer program, which was designed to make an

initial feasibility study, used the following rules in establishing a

positional fix at each check-point.

With P1 and P2 used to denote the visible planets which

are first and second in order of proximity to the spacecraft, the

measured angles were chosen: (i) from the Sun to PI; (2) from

Alpha Centauri to PI; (3) from that one of Sirius or Arcturus to

77
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PI' such that the plane of measurement is most nearly orthogonal

to the plane of the angle measured in (2); (4) from the Sun to the

same star selected in (3); (5) from the Sun to P2' provided that

more than one planet is "visible"; and (6) the angular diameter of

PI' provided that it exceeds one milliradian.

Certain obvious improvements are possible even within the

restrictive conditions listed above. First, the Moon may be used

as an observed object whenever the spacecraft is near the Earth,

which should result in more accurate fixes. Second, a greater

variety of stars could be used from which a subset could be seleeted

to improve the accuracy of the measurements. More generally, the

rules governing the selection of the observed objects may be changed

and the possibility exists of comparing several sets of combinations

of measurements, each determined according to some different stra-

tegy. This additional generality has been incorporated into our pre-

sent study. The details and results will be discussed subsequently.

In connection with the problem of applying a velocity correc-

tion, two types of guidance were described in Report R-235. The

first, fixed-time-of-arrival guidance, is designed to bring the space-

craft to a definite point in space at a fixed time. Our previous study

was restricted to this kind of navigation exclusively. The second

type, variable-time-of-arrival guidance, has a higher degree of

flexibility in that the time of arrival is permitted a variation which

is so chosen as to minimize the magnitude of the velocity correction.

In either case the form of computation performed by the spacecraft

computer is identical. Although variable-time-of-arrival guidance

may offer problems in a round-trip mission, there can be little ob-

jection to its use on a one-way trip. The variations in arrival time

are measured in hours while the savings in fuel can be as high as

fifty percent. In our present study the variable-time-of-arrival

guidance technique is employed and the results are presented later

in the chapter.
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I. The Navigational Fix

Three independent and precise angular measurements made

at a known instant of time suffice to determine uniquely the position

of the Vehicle. Because of the presence of instrument errors, addi-

tional measurements may be used to reduce the uncertainty of a

positional fix. The best choice of measurements at any instant of

time depends on the position of the spacecraft within the geometry

of the Solar System. In order to demonstrate explicitly the effect

of different sets of measurements, we shall derive analytic ex-

pressions for the mean-squared errors which result from different

combinations of measurements.

Let So and Po be, respectively, the reference position of

the spaceship and the position of a planet at time T. Let r be the

vector from the Sun to S and z the vector from S to P . With
0 _ 0 0

A denoting the angle between the line of sight to the Sun and the

line of sight to the planet, it is shown in Report R-235 that the de-

viation in position 5r .of the spacecraft from the reference position

is related to the observed deviation in angular measurement 5 A by

6A = + " 6r (3-1)r sin A z s{n_

if the observation is made at a known instant of time. Here r and

z represent the respective distances of the spacecraft from the Sun

and the planet while rn and nn are, respectively, the unit vectors

from So toward the Sun and toward Po" By letting r or z become

infinite, we can include measurements between lines-of- sight to

the Sun and a star or a planet and a star. For an angular diameter

measurement we have'

Dm" 5r

6A= 2 ' (3-2)
z cos (A/2)

where D is the actual diameter of the planet and A is the apparent

angular diameter. The two individual vector coefficients of 5 r in

Eq (3-1) are vectors in the plane of the measurement and normal,

respectively, to the lines-of-sight to the Sun and to the planet.
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It follows from results derived in Appendix B for three

angular measurements made at a known instant of time that the

mean squared position error c 2 may be computed as*

w

2 -i T-l)c = tr (U33_33 U33 (3-3)

where _33 is the correlation matrix of the measurement errors

and U33 is a three-dimensional square matrix whose rows are

composed of the relevant vector coefficients of 5r for each of the

selected measurements. We shall consider three different com-

binations of measurements and evaluate 2 for each.

A. Planet-Star, Planet-Star, Angular Diameter of Planet

Me asurement

For convenience choose a coordinate system x, y, z cen-

tered in the spaceship with the z axis in the direction of the planet

as shown in Fig. 3-1. Letn 1 andn 2 be unit vectors in the respec-

tive planes of the planet-star measurements and normal to the di-

rection from the spaceship to the planet. These vectors will lie in

the x-y plane and we may take n 1

Then, if e is the angle betweenn 1

i/z 0

U33 = ! cos0/z sin 0/z

\o 0

where

to be along the positive x-axis.

and n2, we have

°/0 , (3-4)

1/s

2z z z 2 D 2s =--_- cos (A/2):: _-_ 4 - (3-5)

* The superscript T on a matrix is used to denote the matrix
transpose and tr indicates the trace of the matrix.

8O
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The inverse matrix is

z 0 0 /

.1
U33 = - z cot e z csc e 0 . (3-6)

0 0 s

Assuming that the measurement errors are independent random

variables with respective standard deviations _1' or2' and _3' we

have, according to Eq (3-3),

I

2 2eI = a1 (l+cot2e)+(_ z csc2e+a s (3-7)

as the mean-squared p.o__sition error resulting from the three mea-

surements. Clearly, c 2 will be a minimum if two stars can be

found such that n 1 andn 2 are orthogonal. Then we have

-[ (3-8)

We further note that the error is reduced as the distance between

the spaceship and the planet decreases.

B. Planet-Star, Planet-Star r Sun-Star Measurement

Choose a coordinate system oriented as described above

and illustrated in Fig. 3-2. Let n I and._ 2 be unit vectors as pre-

viously defined and let n 3 be a unit vector in the plane of the Sun-

star measurement and normal to the direction from the spaceship

to the Sun. _" .... L,,_ _5,.,_ we have

I/z 0 0 \

U33 = I cose/z sin e/z 0 I (3-9)
_ cosTcos_/r cos 7sin_/r sinT/r

and the inverse
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1(U33 = - z cot 0

z cot_,csc 0 sin(13- 0)

z 0

0)z csc 0 0 . (3-10)

-z cot _csc 0 sin_ r csc-y

Again assuming independent measurement errors, we have

2 2 2
¢ = a lz +cot 20+cot2_,csc 2 0 sin 2(/3-0

+ a2z 2 (csc 20+cot2 _' csc 20 sin 2/3) +cr_ r 2 2csc 7. (3-11)

Clearly, the best star to choose for the Sun-star measurement is

one lying in the plane containing the spaceship, Sun, and planet,

for then 1/will assume its maximum value, i.e., the angle A

between the planet and the Sun.

2.
The optimum choice for /3 to minimize ¢ is found by requiring

the partial derivative of Eq (3-11) with respect toe to vanish. If

Crl = a2" it follows that /3 should be just one-half of 0. Therefore,

if the star for the Sun-star measurement is optimally selected, the

two best stars for the planet-star measurements are those for

which the angle between the planes of measurement is bisected by

the plane of the Sun-star measurement. The resulting error will

be a function of 0 only, and from Eq (3-11) we have

Min¢2(0)=a_z2csc 20 +cot2A(1-dos0 +a_r2csc 2 A'. (3-12)

The optimum value of O, denoted by 0o, is determined as

the solution of

2
cos 0 - 2(1 + 2 tan 2 A) cos 0 +1 = 0.

O O
(3-13)

Thus

1 - sin A
COS 0 =

o i + sin A ' (3-14)
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m

2.
and the corresponding mean-squared error e is given by

m

2 2 2 2 2
Mine =al z (l+sinA)2(l+cscA-sinA)/2+a_r csc A_ (_-15)

Entirely analogous results are obtained if the three basic

measurements are Sun-star, Sun-star, and planet-star. We need

simply to interchange r and z in our formulas.

C. Planet-Star, Planet-Star, Planet-Sun Measurement

Refer to Fig. 3-3 and let n I and n 2 be unit vectors defined

as before. Letn 3 and_n 4 be unit vectors in the plane of the planet-

Sun measurement normal,

the planet and to the Sun.

in Appendix B, we have

l/z 0 0

U33 = 0 1]z 0

a/z b/z 1/r

respectively, to the lines-of-sight to

Then, according to Eq (B-23) - (B-25)

1 0 0A/

cos 0 sin 0 0 ,

-cosAcos _ -cosA sin 13 sin

(3-16)

where

sin (0 -_) b= _ (3-17)
a= sin 0 ' sin 0 "

The inverse matrix is

f z 0 0

azeotA- arcscA bz cotA-brcscA rcseA

If we assume, as before, independent measurement errors

with (_i = _2' we have for the mean-squared error
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- [ r 12 2 2
¢ =al 2 2z csc 0 +(z cotA-r csc A) 2 sin2(0-fl)+sin2_

sin 2 0

2 2 2
+a 3 r csc A. (3-19)

Again the optimum choice of/3 is one-half 6, so that the minimum

error as a function of 0 is.obtained from Eq (3-18) as

2[22Min c2(0)=(yl 2z csc 0+(zcotA-rcscA)2/(l+cos0

+ a_ r 2 csc 2 A. (3-20)

The optimum 0 = O
O

is found as the solution of

2
4z cos 0

O

(1 - cos 00)2

= (zcotA-rcscA) 2. (3-21)

We have

2_
cos 0 = 1-2p cos A+p -sinA , (3-22)

o V1-2p cos A sin A

where, for convenience_ we have defined

p = r/z. (3-23)

With this value of O, Eq (3-20) may be written as

. +p2) 2...-'_ 2 2 2 1-2DcosA /2+ 2r2 2twin e = _IZ csc A(sinA+ _ . csc A.

(3-24)

Here again, by interchanging r and z, we may obtain analogous re-

sults for the set of measurements consisting of Sun-star, Sun-star,

Sun-planet.

It is importanl to know under what set of circumstances

Measurement (B) or (C) is to be preferred. For this purpose, in
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Fig. 3-4 we have plotted in the p, A plane the locus of points for

which the measurements produce identical mean-squared errors.

This locus is a closed curve which separates the regions in which

one set of measurements is better than the other. We note, in

particular, that Measurement (B) is always to be preferred when

the angle A is greater than 90 °.

These results are, to a great extent, of theoretical interest

only since it is assumed that stars can be optimally selected. For

practical considerations we are restricted to using only bright

stars for our measurements. In Report R-235 we restricted our

study to three stars and used a single strategy for selecting the

angles to be measured. For our present study, in order to in-

crease the attainable accuracy in the determination of spacecraft

position, the number of admissible celestial objects was enlarged

and the strategies by which pairs of them could be selected were

generalized. The Moon was added to the collection of observable

objects within the Solar System and the number of available stars

was increased to ten. In order of brightness those chosen are as

follow s :

Star Catalo_ No, Name Magnitude

257 Sirius -1.58

245 Canopus -0.86

538 Alpha Centauri 0.06

699 Vega 0.14

193 Capella 0.21

526 Arcturus 0.24

194 Rigel 0.34

291 Procyon 0.48

54 Achernar 0.60

518 Beta Centauri 0_ 86
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A general purpose digital computer program was prepared

which would perform the computations associated with the naviga-

tional fix, as described in Appendix B. The input to the program

consists of reference trajectory data together with suggested stra-

tegies for selecting the appropriate angles to be measured. As many

as three different strategies can be analyzed simultaneously, and the

computer will produce the best set of measurements, within the im-

posed restrictions, so that the mean-squared positional error will

be a minimum. The following rules were established from which

the various strategies may be formulated.

Basic Set of Three Measurements

First Body I Second Body

(1) Body at a finite distance !( 1 ) Star

or

or

(2)

(3)

I

(a) Specific choice of Sun J

Mercury, Venus,Earth, I
Mars, or Moon i

(b) nearest visible planet I or

(c) second nearest visible ],

planet i
f
i

Same body as selected for

the first measurement

i(2)

I
I
i or

i
i

1
Body at a finite distance

Same choices avail-

able as those listed

under (1)

:(3)
i

I

i
i
I
i

(a) Specific choice of a star

from among the ten

brightest

(b) if unspecified, one of the

two best stars, corresponding

to the first body, will be

selected

Star

(a)

(b)

Specific choice of a star

the second star of the best

pair as mentioned under

(1), (b)

(a) Sun, if first body is the

same as that used in the

first two measurements
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First Body Second Body

or (b)

or (c)

or (d)

or (e)

a specific planet or the

nearest or second nearest

visible planet if the first

body is the sun

an angular diameter mea-

surement of the first body

if that body is a planet

specific choice of a star

th :, best star will be selec-,

ted in such a way as to mini-

mize the mean-squared

error resulting from the

first three measurements.

Additional Redundant Measurements

First Body

(a)

or (b)

'or (c)

or (d)

ior (e)

Body at a finite distance

Same choices available

as those listed under (1)

Second Body

A specific planet or the

nearest or second nearest

visible planet if the first

body is the Sun

an angular diameter mea-

surement of the first body

if that body is a planet

specific choice of a star

for two redundant measure-

ments, the best pair of stars

corresponding to the first

body will be selected

the best star will be selec-.

ted in such a way as to mini-

mize the mean_squared error

resulting from this and all

previous measurements
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A few remarks are needed to qualify some of the terms used

in above rules.

(1) A planet will be said to be visible if the angle between

the lines-of--sight to the planet and to the Sun is greater than 15 °.

The visibility of stars is checked with the same criterion, and only

visible stars are selected.

(2) If the Earth is the nearest visible planet, the Moon will

be selected as the second nearest planet provided that the angle

between the lines-of-sight to the Earth and to the Moon is greater

than 3 ° .

(3) For two measurements involving a body at a finite distance

and two stars, the stars referred to as "best" are those for which the

two measurement planes are orthogonal. (By "measurement plane"

is meant the plane in which the angle is measured. )

(4) An upper limit of six was arbitrarily set on the total

number of permissible measurements.

The specific inputs to the digital computer program consist

of the following:

(1) Data to determine a specific reference trajectory.

(2) The moment matrix _mm of the measurement errors as

defined in Appendix B.

(3) A set of times at which celestial fixes are to be made.

(4) As many as three strategies formulated according to the

rules described above.

After the computer has evaluated each of the strategies at

each of the times specified for a fix, the selected measurements are

displayed. The RMS position and time errors are obtained for the

basic set of three measurements and again as each redundant mea-

surement is added. In this way the effect of additional measurements

is seen explicitly. Finally, the coefficient matrix F4m, defined in

Eq (BL_32)_ which relates angular measurement errors to the corres-

ponding position and time errors, is obtained. This matrix is the

basic input to the navigation program to be described below.

92



QOO

•#Q
OQ,

°. .o. ° : • .• .• : :o. : :•o :•°
: _ :° : • . : : °° °, . o° .., ° °
:°• :°° "°° :•. :•: .,°,°° : : : :.o :°"

If. Velocity Correction and Guidance Error Analysis

The fundamental principles of both the fixed and the variable-

time-of-arrival navigation techniques are described in detail in

Appendix C. Our present study was restricted primarily to an ana-

lysis of the variable-time-of-arrival scheme since its advantages_

when considering a one-way planetary mission, seem far to over _

balance any potential difficulties which could result from an uncer-

tainty in the exact time of rendezvous with the destination planet. To

emphasize the advantages of the variable-time-of-arrival scheme,

and for comparison purposes, some results for the fixed.-time-of-

arrival technique are included.

For the most part, the following analysis of the guidance pro-.

blem is concerned with the fuel requirements of the spacecraft for

mid-course velocity corrections and the miss distance at the target

planet measured with respect to a point which is fixed relative to

the planet. These two quantities are related to the errors, which

result from imperfect celestial fixes and imperfect velocity correc-

tions, as shown explicitly in Eq(C-40) and (C-47). Of somewhat

lesser importance in the current study is the spacecraft's deviation

from the nominal value of velocity at the target planet. This velocity

deviation is related to the entire history of applied velocity correc-

tions, as shown in Eq(C-41).

The method of analysis closely parallels the approach taken in

R-235 and is entirely statistical in nature. If the moment matrix
mm

for the measurement errors is postulated_ the correlation matrix,

'"44, u_ _L,=position and time estimate errors at each check-point may

be determined from Eq(B-33). 'The set of coefficient matrices F4m.

one for each check-point, is an output of the celestial fix program.

The correlation matrix of the velocity correction errors is caleu]a.ted

by assuming the vector velocity cerrecticn errer to be isetropJc and

statistically independent of the correspopding velocity ccrrectie_ but

nonetheless such that its rms value is a predetermined percentage of

the rms correction.
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A digital computer program was prepared which would

perform the statistical analysis of the guidance problem in the

manner described above. The program is capable of analyzing

both types of navigation techniques.

V # ,

times.

The specific inputs to the computer program are as follows.

(1) The values of the fundamental matrices, R, R*, V, and

for the specific reference trajectory at each of the various fix

(2) The coefficient matrices, F4m, at each of the check-points.

(3) The moment matrix, _mm' of the measurement errors.

(4) An assumed rms injection velocity error resulting from

imperfect injection guidance.

(5) An assumed rms accelerometer error expressed as a

percentage of the applied velocity correction at each check-point.

From this input data the computer produces, at each check-

point, the rms velocity corrections actually applied together with

both the rms deviation in velocity and the rms miss distance at the

target planet.

III. Computation Results and Conclusions

_-'"-_ the "'_,_+_+,,,_oo of _ho,_+,_,_9 _,,,,_+,._o,.+,,,_oo

selected for use as samples in analyzing the variable-time-of-arrival

navigational scheme. These trajectories are illustrated in Figs.3-5

through 3-8 and their basic characteristics are summarized in

Table 3-1.
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The illustrations show the orbits of the spacecraft and the planets

Venus, Earth, and Mars. The paths are shown as solid lines when

the orbital plane is above the plane of the ecliptic and broken lines

when below. The launch and arrival positions are marked with the

corresponding dates. The configuration of the spacecraft and the

planets is shown for one instant of time during mid-course on the

date indicated in the figures. A shaded circle is used to show the

position of the Earth at the time of contact with the target planet.

Six different strategies for choosing celestial objects in

obtaining a navigation fix were formulated and applied to each of

the four selected trajectories. The details of the selection are

defined below:

Strategy i

Basic Measurements

(1) and (2) Nearest visible planet and two best stars

(3) Nearest visible planet and the Sun

Redundant Measurements

(4) and (5) Second nearest visible planet and two best

stars

(6) Second nearest visible planet and the Sun or the

angular diameter of the nearest visible planet if the

planet is close enough to make the measurement

significant.

Strategy 2

Basic Measurements

(1) and (2) Nearest visible planet and two best stars

(3) Nearest visible planet and the Sun

Redundant Measurements

(4) and (5) Sun and two best stars

(6) Nearest visible planet and the Sun

or, if a planet is near enough to make an angular diameter

measurement significant

i00
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(4) Sun and best star to optimize the first four measure-

ments

(5) Sun and second nearest visible planet

(6) The angular diameter of the nearest visible planet.

Strategy 3

Basic Measurements

(i) and (2) Sun and two best stars

(3) Sun and nearest visible planet

Redundant Measurements

(4) and (5) Nearest visible planet and best two stars

(6) Second nearest visible planet and the Sun or the

angular diameter of the nearest visible planet if the planet

is close enough to make the measurement significant.

Strategy 4

Basic Measurements

(1) and (2) Sun and two best stars

(3) Nearest visible planet and best star to optimize

the first three measurements

Redundant Measurements

(4) Nearest visible planet and best star to optimize the

first four measurements

(5) Sun and nearest visible planet

(6) Sun and second nearest visible planet or the angular

rl_._÷_- r_ e +1_,_ n_-_÷ _r_l_l_ _.1._÷ ;_e +1_.. _1._.4- _

close enough to make the measurement significant.

Strategy 5

Basic Measurements

(1) and (2) Sun and two best stars

(3) Sun and nearest visible planet

Redundant Measurements

(4) Nearest visible planet and best star to optimize the

first four measurements

i01
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(5) Nearest visible planet and best star to optimize the

first five measurements

(6) Sun and second nearest visible planet or the angular

diameter of the nearest visible planet if the planet is

close enough to make the measurement significant.

Strategy 6

Basic Measurements

(1) and (2) Second nearest visible planet and two best

stars

(3) Nearest visible planet and best star to optimize

the first three measurements

Redundant Measurements

(4) Sun and second nearest visible planet

(5) Nearest visible planet and best star to optimize the

first five measurements

(6) Sun and nearest visible planet or the angular diameter

of the nearest visible planet if the planet is close enough

to make the measurement significant.

In the analysis, the standard deviation of the measurement

errors was assumed to be 0.05 milliradians or 10.3 seconds of arc

and the clock was assumed to drift at a constant rms rate of one

part in 100,000. A comparison of the six celestial fix strategies at

various instants of time along the four spacecraft trajectories is

shown in Tables 3-2 through 3-5. Several observations are worthy

of comment:

(1) The use of the Moon as a navigational aid contributes

significantly to a precise positional fix when the spacecraft is in

the vicinity of the Earth. A reduction in the positional error by

more than a factor of three is seen in some instances.

(2) No single strategy for selecting objects is preferred, i.e.,

a particular combination of measurements selected according to one

set of rules may be best at one instant of time and yet be inferior
at some other time.
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(3) Although no star was ever explicitly selected, all stars

provided in the list were chosen at one time or other. Thus, the

added generality provided by a large choice of available stars seems

to have importance.

•(4) The quantitative effect of redundant measurements on

reducing the mean-squared positional error aids considerably in

determining which measurements are really worthwile. Before an

actual set of measurements could be finalized, it would seem advis-

able to determine precisely what effect each measurement has on

the: accuracy of the fix. This can be readily accomplished within

the scope of the present computer program.

(5) When the spacecraft is in:the vicinity of the Earth at a

time When the Moon is visible, the measurement of the apparent

diameter of the Earth is almost worthless. Therefore, in preparing

data for the navigation program, the Earth's diameter measurement

was replaced by the alternate measurement cited under each set of

strategy rules.

(6) In Table 3-2, Strategy 1 at time 0.80 years from launch,

it is seen that the first redundant measurement apparently causes an

increase in the rms position error. If the third and fourth mea-

surements are interchanged, one finds that the measurement of the

angle between Earth and Arcturus, together with the first two mea-

surements, results in an rms position error of some 50,000 miles.

Therefore, this paradox of an additional measurement resulting in

a t ..... _,_,_n_ _rn___ybe attributed to computational inaccuracies

arising from rounding errors.

The data from Tables 3-.-2 through 3-5 were used to select

the most promising strategies to arrive at a single set of "optimum"

measurements for each instant of time along the various trajectories.

The best obtained rms position and t_me errors as a function of

time from launch are tabulated in Tables 3._6 through 3-9. These

data provided the necessary input to the navigation program.
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order to test the concept of variable_time-of-a.rrival navi-

gation a number of complete runs were made with the navigation

program described in Section II. The postulated errors are:

(1) an rms injection velocity error of 18 ft per sec as suggested

by Centaur booster specifications; (2) an rms error in applying

any desired velocity change of 1%; (3) an rms clock drift rate of

one part in 100,000; (4) an rms error in angle measurements of

0.05 milliradians.

The injection velocity error corresponds to burn-out of the

main propulsion. Therefore, it is necessary to apply a magnifi-

cation factor of _L1+ (v e / VR)Z[_ to the mean-squared injection

velocity error to obtain the mean-squared velocity error after

escape. Here v e and v R are, respectively, the escape velocity

and the excess hyperbolic velocity of the space craft.

For the clock error we assume that between the times of two

consecutive fixes the clock is drifting at a constant rate, where

the rate is random, and statistically independent of any previous

drift.

In each of the navigation runs four fixes and associated velo-

city corrections were made. The times selected as check points

were chosen in the following way for each trajectory.

From the possible times of fix, as listed in Tables 3-6 through

3-9, four subsets of times were picked. Then the fix times for

each navigation run were selected, one from each group, by a ran-

dom choice. The individual groups were made up as follows"

Mars Trajectory I

Groupl: 0.001, 0.002, 0.003, 0.004, 0.005, 0.006

Group 2: 0. 300, 0. 325, 0.350, 0.375, 0.400, 0.425

Group 3: 0.725, 0.750, 0.775, 0.840

Group 4: 0.843, 0.844, 0.845, 0.846, 0.847, 0.848
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0.004, 0.005

0. i00

0.350, 0.400, 0.425

0.496, 0.497, 0.498

0.004, 0.005, 0.006

0.225

0.325, 0.375, 0.400

0.446, 0.447, 0.448

0.004, 0.005, 0.006

0.125, 0.150, 0.175

Mars Trajectory II

Group l: 0. 001, 0. 002, 0. 003,

Group 2: 0.025, 0.050, 0.075,

Group 3: 0.275, 0.300, 0.325,

Group 4: 0.493, 0.494, 0.495,

Venus Trajectory Ill

Group h 0. 001, 0. 002, 0. 003,

Group 2: 0. 025, 0. 050, 0. 200,

Group 3: 0. 250, 0. 275, 0. 300,

Group 4: 0. 443, 0. 444, 0. 445,

Venus Trajectory IV

Group h 0. 001, 0. 002, 0. 003,

Group 2: 0.025, 0.075, 0.100,

Group 3: 0. 200, 0. 225, 0. 250

Group 4: 0.293, 0.294, 0.295, 0.296, 0.297, 0.298

Fifty sets of fix times for each trajectory were prepared in

this way. The result of each run is represented by a point in the

Fig. 3-9 through 3-12 where the final position error in miles has

been plotted against total velocity correction in ft per sec. The

envelope of these points is shown in the figures and is to be used

as the principle criterion in defining a mission. This curve ex-

presses the ultimate precision attainable for the trajectory as far

as optimizing the miss distance with respect to total velocity cor-

rection. We see that, in general, position accuracy can be in-

creased --'--o_±y at the expense of _"+_ _,,_i

Mars trajectory I is superior to II with respect to navigation

accuracy. One can perhaps correlate this result with the fact that

the velocity relative to Mars at arrival is much less for I than

for II. The same thesis is borne out when Venus trajectory III is

compared wi_h IV.

The distribution of points in Fig. 3-11 for Venus trajectory IIl

is so widely scattered that it is impossible to recognize any enve-

lope curve from tileavailable data.
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The detailed history of each navigation run lying along the

envelope curve is presented in Tables 3-10 through 3-13.

Finally, in order to compare the variable-time-of-arrival

and the fixed-time-of-arrival navigation schemes, the fifty runs

for Mars trajectory I were repeated using the latter guidance

technique. The results are presented in Fig. 3-13 and Table 3-14.

The conclusion is immediate. The superiority of one over the

other is more than two-fold with regard to both position accuracy

and total velocity correction required.
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CELESTIAL FIX POSITION AND TIME ERRORS

MARS TRAJECTORY NOV,5,1964

V = 9968 FT/SEC V = 9135 FT/SEC

RE RM

TIME

IN

YEARS

RMS RMS TIME RMS RMS

POS, TIME IN POS, TIME

ERROR ERROR YEARS ERROR ERROR

MILES HOURS MILES HOURS

0,001

0,002

0,003

0,004

0,005

0,006

06007

0,008

0,009

0.010

0,025

0,050

0,i00

0,125

0,150

0,175

0,200

0,225

0,250

0.275

0,300

0.325

0,350

0,375

0,400

i0 0,0000 0,425 2926 0,0359

14 0,0002 0.450 3267 0,0380

20 0,0003 0,475 3742 0,0401

28 0,0004 0,500 4233 0,0419

39 0,0004 0,525 4950 0,0436

51 0.0005 0.550 5802 0,0452

67 0,0006 0.575 6689 0,0464

87 0,0007 0,600 6/96 0,0500

112 0.0008 0.625 6812 0,0520

143 0,0009 0,650 6733 0,0543

1292 0.0022 0,675 5854 0,0586

2430 0,0044 0,700 5081 0.0594

2899 0,0066 0,725 4396 0,0589

3453 0.0088 0,750 3885 0,057!

4026 0,0109 0,775 3612 0,0545

3757 0,0129 0,800 6137 0,0670

6414 0,0151 0,825 6049 0,0689

5049 0.0170 0,840 2890 0,0617

7644 0.0200 0,841 2422 0,0607

NO 2ND PLANET 0,842 1964 0.0600

_ o_,m pLa_I_T 0.843 1537 0,0594

2400 0,0254 0,844 1156 0,0590

2339 0,0274 0.845 837 0,0588

2382 0,0295 0,846 596 0,0587

2486 0,0316 0.847 444 0,0587

2633 0,0338 0,848 379 0,0586

TABLE 3-6
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' : :::b,:-:5 FTtSEC v' = 25261 FT.,,,?,<£

R i'4

P 0 ,q ,.

_ROR

'.,: [ i_£ 3

RPIS TiXE i:, < R;dS

T _ ',iF_ I ,N P<*S • T I _".'_E

ERROR YEARS El-, ROR E[RRO_<'

HOURS '.1] L F__,_: HOUR c,

0,00!

0,002

0 • 003

0 • 004

0,005

(-)• 006

0.0C7

0 • U,3'S

0.009

0.010

0 . 0 P 5

0e050

"9. 07

O_ IS O

0.i25

0ol50

O. ] Y5

0.225

i0

9

ii

;- 1

49

0.0001 0.250 NO ii D PLANE T

0.0002 0.275 271_ 0.0234

0.0003 0.300 2634 0.0255

0.0004 0,325 2799 0,0277

0.0004 0.350 2999 0_0298

119 0.0005 0.375 3326 O.O}fO

918 0.0006 0.400 3772 0_9341

7;6_ t),OOO f U * _-+,<5 ':+s_7 ._ 0,_0365

_+50 0.0008 0.450 5107 0.0382

37o 0°0009 0.475 60i9 0,0400

764 0.0022 0.4(JO 6917 0.0420

3407 0.0044 0.491 5463 0.0421

3289 0.0066 0.492 6345 0.0421

._=,. _:-_ O_zi9 :} ,, _ , ." _:,,,(.= . ..

&S99 0_"1i3% 0.494 5_7V " (.,',4_::_

6800 0.0130 0.495 493! 0.0423

< [%d 3.0i49 0.496 3_08 0.0424

£09 ? 0,0i74 0.497 24 7!< $.424S

t!<) 2£!;,, PLA_iET 0.a98 131!! 0.(.)4(}:-%

lAdLE 3-7
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CELESTIAL FIX POSITION AND TIME ERRORS

VENUS TRAJECTORY APRIL 19,1964

V = 9688 FT/SEC V = 18357 FT/SEC

RE RV

TIME

IN

YEARS

RMS RMS T!ME RMS RMS

POS. TIME IN POS, TIME

ERROR ERROR YEARS ERROR ERROR

MILES HOURS MILES HOURS

0,001

0,002

0,003

0,004

0,005

19 0,0001 0,225 1870 0,0190

I0 0,0002 0.250 1765 0,0208

9 0,0003 0,275 1793 0,0224

12 0.0004 0.300 1865 0,0238

17 0.0004 0,325 1962 0,0249

0,006 24

0,007 33

0,008 44

0,009 55

0,010 68

0,025 604

0,050 1990

0,075 4337

0,i00 5531

0,125 7301

0,150 12768

0,175 21517

0,200 2272

0,0005 0.350 3650 0.0285

0.0006 0,375 2939 0,0259

0,0007 0,400 2354 0,0277

0,0008 0,425 2143 0.0239

0,0009 0,440 2857 0,0329

0.0022 0.441 2902 0.0329

0,0044 0,442 2856 0,0330

0.0066 0,443 2729 0,0330

0,0088 0,444 2486 0,0328

0.0109 0.445 2103 0.0325

0.0131 0.446 1607 0,0321

0.0149 0.447 1090 0.0317

0.0170 0,448 668 0,0300

TABLE 3-8
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T i ",1E

IN

YEARS

CELESTIAL FIX POSITION AND TIHE ERRORS

VENUS TRAJECTORY APRIL 19,1964

V = 14206 FTISEC

RE

V : 13339 FT/SEC

RV

RHS RMS TIME RFIS RMS

POS. TIME IN POS. TIME

ERROR ERROR YEARS ERROR ERROR

MILES HOURS MILES HOURS

0.00t

0.002

0.003

0,004

0,005

0.006

0.007

0.006

0,009

0.010

0,025

0.050

0.075

O,!O0

0.125

i0 0.0001 0o150 ii00 0,0129

14 0.0002 0.175 1026 000150

22 0.0003 0.200 1053 0.0170

34 000004 0.225 1343 0.0188

49 0.0004 0,250 1875 0,0203

68 0.0005 0.275 2596 0.0219

91 0.0006 0.290 2440 0.0241

116 O.OOuf U,_i 2266 0.0241

145 0°0008 0.292 2030 0.024t

177 0.0009 0.293 1733 0.0241

1675 0.0022 0,294 1389 0.0240

3817 000044 00295 1032 0.0240

1983 0°0066 0.296 701 0.0239

1545 000087 0®297 439 0,0240

1277 0.0109 0,298 277 0.0241

TABLE 3-9
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VARIABLE TIME OF ARRIVAL NAVIGATION

MARS TRAJECTORY NOVo5_I964

I

I

TIME

OF

FIX

00003

0.425

00775

0o8_3

TOTAL=

TIME

OF

FIX

00002

00400
00775

00844

TOTAL=

RMS

VEL

CORR

RMS

VEL
CORR

57

3

14

20

94

TIME RMS

OF VEL
FIX CORR

57

2
!B
24

96

00004 57

00375 2
00775 ii

00845 31

TOTAL: 102

TIME RMS

OF "_'

FIX CORR

00005 58

0,400 3

00775 13

0,845 29

TOTAL= 102

FINAL FINAL TIME RMS FINAL FINAL
VEL POS OF VEL VEL POS

ERROR ERROR FIX CORR ERROR ERROR

00002 57

0,375 2

00775 ii

00846 39

109 48 TOTAL= 109 114 26

FINAL FINAL TIME RMS FINAL FINAL
VEL POS OF VEL VEL POS

ERROR ERROR FIX CORR ERROR ERROR

00005 58

00375 2

0.775 ii

0,846 39

ii0 41 TOTAL: ii0 114 26

FINAL FINAL TIME RMS FINAL FINAL

VEL POS OF VEL VEL POS

ERROR ERROR FIX CORR ERROR ERROR

112 33

FINAL FINAL

VEL POS

ERROR ERROR

iii 33

TABLE 3-i0

00005 58
00325 2
0.775 13

00848 85

TOTAL= 158 137 14
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VARIABLE TIME OF ARRIVAL NAVIGATION

MARS TRAJECTORY NOV.24,1964

TIME

OF

FIX

00003

00025

00400

0.494

TOTAL=

TIME

OF

FIX

0.002
0.025

00400

00496

RMS F INAL F INAL T IME R:',iS

VEL VEL POS OF VEL

CORR ERROR ERROR FIX CORR

43 00004 43

5 0.025 5

37 00425 51

34 00498 75

118 74 93 TOTAL= 174

RMS

VEL

CORR

43

4

36

50

FINAL FINAL TIME RMS

VEL POS OF VEL

ERROR ERROR FIX CORR

TOTAL= 133 82 61

T I:_E

C F

FIX

0.001

0.025

00425

0.497

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

43

4

45

51

143TOTAL=

0.003 43

0.075 8

00400 47

00498 101

FINAL FINAL

VEL POS

ERROR ERROR

86 46

TABLE 3-1!

105 39

FINAL FINAL

VEL POS

ERROR ERROR

TOTAL= 198 123 39
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VARIABLE TIME OF ARRIVAL NAVIGATION

VENUS TRAJECTORY APRIL 19,1964

TIME

OF

FIX

0,006
0.225
0,400
00443

RMS
VEL

CORR

59

4

22

28

FINAL FINAL TIME RMS
VEL POS OF VEL

ERROR ERROR FIX CORR

TOTAL= 113 62 117

00002
0,200
00400

00447

58

6

38

57

TABLE 3-12

FINAL FINAL
VEL POS

ERROR ERROR

TOTAL= 159 85 44



TIME OF ARRIVAL NAVIGATION

VENUS TRAJECTORY APRIL 19,1964

TIME

OF

FIX

0,003

0,175

0,250

0,293

RMS

VEL

CORR

41

4

7

24

FINAL FINAL TIME RMS

VEL POS OF VEL

ERROR ERROR FIX CORR

TOTAL= 77 55 63

TIME

OF

FIX

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

41

4

9

28

0.002

0.150

0.250

0.294

TOTAL: 82 57 51

TIME

OF

FIX

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

42

5

9

34

0.005

0.150

0.250

0.295

TOTAL = 90 59 41

0.006

0.150

0.250

0.297

42

6

9

56

FINAL FINAL

VEL POS

ERROR ERROR

TOTAL: 113 73 26

TIME

OF

FIX

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

41

7

37

90

0.003

0,075

0.250

0,298

TABLE _

TOTAL = 176 94 18

TIME

OF

FIX

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

42

38

9O

0.005

0,075

0.250

0.298

TOTAL= 178 94 18

159

,. #'_',_,_..:#
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FIXED TIME OF ARRIVAL NAVIGATION

MARS ]RAJECTORY NOV.5,1964

TIME

OF

FIX

0,003

0.425

0.775

0,843

RMS

VEL

CORR

70

8

32

120

FINAL FINAL TIME RMS

VEL POS OF VEL

ERROR ERROR FIX CORR

TOTAL = 230 113 62

TIME

OF

FIX

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

70

6

42

117

0,004

0.300

0.775

0,843

TOTAL= 235 113 61

T IME

OF

FIX

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

70

7

30

i .35

'_) . ,JU_

O,I+O0

O® 775

L1. 344

TOTAL= 241 127 55

TIME

O_

FIX

RMS FINAL FINAL

VEL VEL POS

CORR ERROR ERROR

7O

6

4.2

!32_

0.005

0.300

_.775

0._44

r ,[_l_= 450 L26 54

0.002 70

0.375 6

0.775 28

0.846 i95

FINAL FINAL

VEL POS

ERROR ERROR

TOTAL= 298 186 44

TIME RMS

OF VEL

FIX CORR

0,005 70

0.400 8

0,775 30

0.847 F63

FINAL FINAL

VEL POS

ERROR ERROR

TOTAL= 371 254 40

TIME RMS

OF VEL

FIX CORR

0.005 70

0.325 6

0,775 35

0.848 401

FINAL FINAL

VEL POS

ERROR ERROR

TOTAL= PI2 392 36

TABLE 3-i_

TIME RMS

OF VEL

FIX CORR

0.001 69

0.425 i0

0.840 23 r

O.}_a8 342

FINAL FINAL

VEL POS

ERROR ERROR

TOTAL = 658 367 34
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CHAPTER 4

A CENTAUR INTERPLANETARY

SPACECRAFT GUIDANCE AND CONTROL SYSTEM*

by

John M. Dahlen

Milton B. Trageser

Philip N. Bowditch

Harold H. Seward

William E. Toth

*Note: System is often referred to as "CIGS" for brevity.
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CHAPTER 4

A CENTAUR INTERPLANETARY

SPACECRAFT GUIDANCE AND CONTROL SYSTEM

Introduction

The objective of this study has been to formulate practi-

cable techniques and equipment for the guidance and control of

interplanetary spacecraft to be launched by Centaur boosters be-

ginning in 1964. It is clear that two fundamental conditions pre-

vail, and these have directed the course of this investigation.

First, a detailed description of spacecraft missions and config-

urations does not at present exist. Secondly, it is known that

accomplishment of the navigation and stabilization function will

require the development of a well-integrated guidance and con-

trol system which is designed in harmony with the mother space-

craft.

We have therefore focused our attention upon a self-

contained system which would be packaged in a small cylindrical

container Little or no adaption of this system would be re-

quired to permit integration with a wide variety of Centaur pay-

load configurations.

The interplanetary guidance and control system presented

here would be suitable for a large number of space missions,

typical among which are the atmospheric probe, planetary sat-

ellite and television reconnaissance pass for either Mars or

_The system will be referred to as CIGS (Centaur Interplanetary

Guidance System) for brevity.
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Venus discussed in Chapter i. As already described in detail,

navigation studies have shown that, given a modest spacecraft

velocity correction capability, CIGS has very respectable per-

formance.

For the most part, this system is derived from the ex-

tensive investigations documented in MIT/IL Report R-235, and

therefore largely relies upon that report for a justification of the

techniques and equipment proposed. Certain changes in the

manner of accomplishing guidance and control over that proposed

for the complete space vehicle in R-235 have been introduced

here either to improve performance or to permit the construction

of a package which can be appl'iedto a wide variety of spacecraft

configurations. One example of this is the replacement of the

solar vanes by a sublimating iodine jet for angular momentum

control. Such departures from the functional operation in R-235

have been studied and documented below.

I. General Syst_em Description

The CIGS is a self-contained, fully-automatic system

designed to carry out the tasks of guidance and attitude control

for Centaur-boosted interplanetary spacecraft. Each of these

tasks is performed by means of complex sequences of operations

which involve the functioning of many CIGS components and

mobility of the complete spacecraft. Control of these operations

is exerted by a general purpose digital computer which is used

for time sequencing and logical decision making in addition to its

obvious arithmetic function. The computer is also available to

the mother spacecraft for timing signals, arithmetic computations

and logical decision-making.

A. Attitude Control

Attitude control is required to achieve a variety of nec-

essary ends:
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i. During normal "quiescent" operation the "sunny" end

of the space vehicle is kept facing the sun by torquing

control flywheels so as to null the sun[finders' signals.

By using the "dead zone mode" of operation described

in Chapter 6 of R-235 and later in Chapter 5, the fly-

wheel duty cycles can be kept below one percent thus

ccnserving the bearings and reducing power consump-

tion.

2. Tracking of celestial objects with the body-fixed sun/

star tracker or the mobile star/planet tracker is

accomplished by torquing the control flywheels to null

tracker error signals.

3. Spatial re-orientations of the vehicle about the x, y

and z axes are performed by spinning up and later

stopping appropriate control flywheels. The x and y

wheels are monitored by two torqued single-degree-

of-freedom integrating gyros used to provide the nec-

essary angular measurements. Rotation about the z

axis, being less critical, is monitored by counting

flywheel revolutions.

4. Attitude control during the application of velocity -

correcting rocket thrust would be achieved by gimballing

the space- -_* _*_ ....._o_ directing the +_r1,_t_r_ engine or v_.................

vector so as to provide corrective torques computed

on the basis of gyro-measured attitude deviations.

5. Control of angular momentum, which tends to build

up over extended tinle periods due to ........u_i_=,_+_ _,,+=_-

nal torques, is accomplished by operating the iodine

jet through an iterative procedure which persistently

acts to reduce angular momentum.

Mechanization of these attitude control functions including

descriptions of specific hardware and system analyses are

covered by R-235 or later sections of this report.
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B. Gui dan<:,_

Contrel of tbe spacecraft's path through space is accom-

plished by several operations requiring, in general, mobility of

the spacecraft and the application of rocket thrust in addition to

the expected usage of all CIGS elements.

1. A. navigational fix is obtained by converting precise

measurements of the angles between several pairs

of visible objects into an accurate estimate of posi-

tion and time. This computation is made by the digi-

tal computer. The desired angles may be subtended

at the space sextant by:

(a) tbe sun and a planet;

(b) tbe sun and our moon;

(c} the sun and a star; and

(d) a planet and a s±ar.

In addition, the space sextant is sometimes used to

determine the apparent diameter of planets when they

subt(_nd more _han one milliradian.

The _bje::t-pairs are chosen to minimize errors and

e]xminate unprofitable sightings. A redundancy of

data (i.e.,, a meas_'ement of more than four angles)

is nse, d to minimize errors in the statistical sense.

2. Velocfty corrections would be calculated by the com-

putf-r a_d carried out b 3, means of the spacecraft

rocket engine and CIGS con+r'o] compone_n.ts. A corn-

purer--commanded spatial re-orientation would estab-

lish !b_e space,:raft and hen/_e the thrust vector in the

pr,:p_,l _ttz{;_de for f[,"ing. Tbis atlitude would be held

duriag i'JzJ.ag by the CIGS gyros. The computer would

the_. cor<:cel the magnitude of velocity change by com-

ma_dirtg <;Ift-off when the accelerometer indicates

,_o_np].etion of the des5.red cot_rection.
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A full explanation of the navigation scheme and the

equipment and techniques by which it is implemented

in the CIGS can be found in R-235 and elsewhere in

this report.

C. Physical Description

The CIGS proposed here is packaged in a cylindrical can

weighing approximately 70 pounds and measuring ii inches in

diameter by 22 inches in length• Its size and weight are largely

independent of the navigational accuracy requirements and

mission types prescribed. However, the physical size and mass

of the spacecraft d__0_odetermine the size of the control flywheels

and iodine jets; hence, for the sake of definiteness in the pre-

liminary layout, the spacecraft weight and inertia were assumed

to be i000 pounds and 50 slug-ft 2, respectively. We have also

anticipated a possible 50% increase in the moments of inertia

due to the use of solar cell panels extending to large distances

from the center of mass.

CIGS design criteria were as follows:

i. component simplicity and reliability;

2. minimum component interface complexity; and

3 minimum total __i ................
• V(Jit_IIl_. _II£I weight.

The resulting preliminary layout is shown in Fig. 4-1 and 4-2.

In essence the guidance and control system is a right

circular cylinder containing the space sextant, inertial compo-

nent group, computer, and associated electronics. This combi-

nation, together with a semi-passive thermal environment con-

trol, constitutes the entire self-contained system requiring only

primary power and engine control lead ties to the mother ship•

The following paragraphs describe the CIGS sub-assemblies•

The thermal control system may best be described as a

twelve-bladed reflecting surface fan rotating through approxi-

mately 30 degrees of arc co-axial with a fixed similar 12-bladed

•, _ _, ..... ,,,,_,,_, _._
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collector surface on the end closure of the cylinder. The rota-

tion is supplied by a passive bi-metallic spiral element with de-

mand over-ride. This system allows for modulation of collected

thermal energy which is transferred to the components of the

guidance system by conduction and/or radiation. The remaining

surfaces of the cylinder have low emissivity to minimize radi-

ative heat loss.

Placed next. to the fine angular momentum reduction sys-

tem (i.e., iodine jets) we see a toroidal storage tank providing

maximum evaporative surface for the iodine in conjunction with

a centrally-located two-stage valve. The first stage of the valve

is a positive shut-off spring-loaded solenoid, power being sup-

plied to the solenoid only when the jets are in use. The second

stage is a ball-seated electro-magnet providing choice of nozzle.

In its quiescent state this valve is centered by a permanent mag-

net to prevent any minor leakage from the positive shut-off valve

from imparting angular momentum to the spacecraft. The iodine

in the system is a solid entrapped in a honeycomb matrix to pre-

vent breakage during booster firing and is covered with a fine

mesh screen.

The inertial compnnent group has three attitude control

flywheels, two single-d_gree-of-freedom gyros, and a velo_:ity

cut-off torqued pendulum a.ccelerometer packaged in one her-

metically sealed canister above the iodine tank. The flywheels

are mounted with their spin axes along principal axes of the

complete spacecraft. The gyros are mounted with opposed spin

axes to prevent imparting angular momentum during their opera-

tion. The velocity cut-off accelerometer is mounted with its

sensitive direction parallel to the rocket thrust vector.

The computer and other electronics are packaged as two

welded-wire totally encapsulated entitf.es filling the majority of

the remaining volume of the guidance container. These com-

ponents are connected to the structure mechanically and thermally
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by long rods extending to the iodine tank mounting plane.

The remaining component of the system, namely the

space sextant, described more fully in another section of this

report, provides the closure for the other end of the guidance

cylinder.

In summary, the design attempt has been to provide a

self-contained, minimum volume system with its own space en-

vironment controls requiring only primary electrical power

from the mother ship.

Table 4-i provides a breakdown of the expected compo-

nent weights.

ITEM

TABLE 4-i

WEIGHT BREAKDOWN FOR CIGS

WEIGHT(Ibs)

Computer

Electronics

Inertial Group

Space Sextant

Iodine Jet System

Thermal Control System

Structure Group

Cylindrical Shell

Sunny End Bulkhead

Shady End Bulkhead

Inertial Grp Canister

Other

TOTAL CIGS WEIGHT

7. 60

0.95

0. 80

2.0

i. 23

20

20

7.3

5.1

3.24

1.35

12. 58

70 Ibs.
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II_ System/Spacecraft Integration and Functional Operation

A. Physical Mating

So far as the CIGS is concerned for its own operation,

interface requirements are extremely simple, it being necessary

only to furnish the CIGS with direct current unregulated power

and an attachment which provides:

(al a clear 180 ° field of view for the space sextant; and

(b) orientation of the heat-collecting end of the system

with the result that it will normally be facing the sun,

like the spacecraft solar battery.

Fig. 4-3 illustrates the general configuration which

might prevail with a spacecraft of "conventional" form, where

the longitudinal axis is at once the direction of applied thrust

and the axis which is:normalPy,.oriented parallel to the sun's rays.

The body-fixed sun/star tracker line of sight is placed

parallel to one of the vehicle's transverse axes which will now

be termed the x-axis. The center line of the can is then located

parallel to the vehicle's longitudinal axis, which can now be

called the z-axis. This places the heat-collecting face on the

CIGS with its thermal control vanes at the "sunny" end, and

aligns the accelerometer input axis with :no :H_u_,.. v_t:_ui. -,_e

y-axis is then defined perpendicular to the other two. The mo-

bile star tracker head protrudes from the "shady" end of the

(:an and rotates 180 degrees about the z-axis in order to sweep

the mobile tracker line of sight through its minimum field of

view. The head is turned in toward the vehicle for stowage in

order to protect the objective and mirror from unnecessary

exposure to the environment. Rotation of the mobile tracker

head to this stowage position also positions a protective flap in

front of the body-fixed sun/star tracker viewing port. The iodine

jet :s oriented so as to constrain its thrust vector to the y-z

plane while at the same time maximizing its torque about the x-

a×Is. The external torque from this jet can only have a compo-
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nent about the y or z axes when the center of mass shifts parallel

to the x-axis, or when the thrust is not properly aligned.

B. Functional Operation

The over-all operation of the integrated CIGS space-

craft system toward achieving its guidance and control objec-

tives would be in close conformance to that described in R-235

for the recoverable interplanetary reconnaissance probe. The

R-235 description with appropriate modifications is repeated

here in order to !end a reasonable degree of self-sufficiency to

this chapter.

The basic computer program would cause most pro-

cedures to be initiated attimes prescribed before launch. The

necessary time reference would be established by the clock

which would be started at some fixed date and time chosen to

occur during the launch eountdown. It is in terms of this time

reference that most of the data in the fixed (core rope) storage

are prepared. Several procedures including at least the first

angular momentum reduction and the first navigational correc-

tion will be required at some prescribed times after lift-off.

Hence the oomputer will require an index signal from the booster

at launch on the basis of which the early procedures will be in-

itiated and certain data corrections will be computed. It is ex-

pected that holds of several days may be taken into account in

this way.

The navigation and control procedures which, as stated

above, are sequenced by the basic computer program are only

six in number. They may be thought of as basic routines which

have many sub-routines in common. Hence computer storage

capacity is minimized by reducing the navigation and control

function to a number of simple tasks which are repeated a great

many times. A description of the six basic routines along with

their occurrence in time should provide a picture of the over-all

mission.
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i. Coarse Angular Momentum Reduction Routine

This procedure is required only once, shortly after

separation of the spacecraft from the booster rocket, in order

to remove the expected tumbling motion. A tumbling rate

greater than l deg/sec would exceed the control flywheel capa-

city, hence the torque available from the navigation rocket is

employed. Perhaps twenty minutes after the launch index sig-

nal (allowing a generous period for separation) this routine

would be initiated by firing the rocket for some fraction of a

minute. Because the rocket would be gimballed to null gyro

outputs, this firing would reduce the x and y components of

angular velocity to less than 0.1 deg/sec, but would leave a sub-

stantial spin about the z axis. The vehicle would now be rotated

90 deg about the x axis (using the x control flywheel) and the

rocket fired again_to reduce the spin (now about the x and y axes)

to less than 0. I deg/sec. The residual angular velocity is de-

termined by the moderate performance characteristics of the

rocket control loops, and is sufficiently small to be within the

capacity of the fine momentum reduction shheme.

2. Fine Angular Momentum Reduction

This routine which controls the application of iodine jet

torques is used approximately once per week to reduce space-

craft angular velocities to about 0. 001 deg/sec. During the

week between reductions, spacecraft angular rates may build-up

to 0. 025 deg/sec due to iodine gas leakage and other unwanted

external torques. Suppression of angular momentum in this

way allows the control flywheels to operate at very low duty

cycles, below l%_ while keeping the spacecraft heat-collecting

end sun-oriented. Other routines which require accurate spa-

tial orientations of the vehicle, such as the radio transmission

and velocity change routines, would best be performed shortly

after this fine momentum reduction. The details of the manner

in which the iodine jet is applied to reduce angular momentum
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are covered below in section IliA of this chapter.

3. Radio Transmission

The purpose of this routine is to orient spacecraft an-

tennae or directional instrumentation in prescribed spatial atti-

tudes for data gathering or transmission. A reference attitude

is first obtained by tracking the sun and a star with the body-

fixed sun/star tracker and mobile star/planet tracker respec-

tively. Starting from the quiescent condition with the z axis

sun-oriented, the vehicle is slewed 90 degrees about the y axis

using the y control flywheel under the monitorship of the y gyro.

This places the sun in the body-fixed sun/star tracker field of

view after which time it is tracked. Now the vehicle, which

knows its approximate position in the Solar System and the approxi-

mate location of six bright stars and thirty stars of secondary

brightness, chooses one of the bright stars which will be un-

ambiguous with the 30 intermediate stars durin_a search about

the sun line. This search about the sun line is performed by

setting the mobile star tracker at the angle (sextant drive angle)

expected between the sun and the selected star and then slewing

the x flywheel until the star is picked up in the mobile tracker.

Starting from this attitude, which is unambiguous, the

spacecraft can now be oriented in any desired direction by slewing

appropriate amounts about the x and y axes. Use of the x and y

gyros to monitor these attitude changes will limit errors to less

than i/2 degree. Gyro calibration described later in Chapter 5,

SectionVll, may under certain conditions be worthwhile in re-

ducing errors.

4. Navigational Fix

The routine for making a navigational fix also begins by

assuming the unambiguous orientation required while tracking

the sun and a star. By sweeping around the sun-line while

holding the sun in the body-fixed sun tracker, several objects
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are acquired and tracked by the mobile star/planet tracker.

Typically these objects might be: the nearest planet, a second

planet, and Sirius. If either planet has an apparent diameter

greater than one milliradian, its center and possiblyitsapparent

diameter would be determined using the disc scanning procedures.

Thus the following navigational angles might be determined in

order by noting sextant drive angles:

(a) sun to nearest planet center;

(b) apparent diameter of nearest planet;

(c) sun to second planet; and

(d) sun to Sirius.

Now Sirius might be transferred to the body-fixed sun/star tracker

by the Transfer Tracking Mode of operation described in R-235.

A planet is then located in !he mobile tracker by slewing about

the Sirius line. The angle between this planet and Sirius is then

found. These five angles might constitute a representative case

which is sufficient to complete the fix. Using these angle meas-

urements the computer determines the required velocity incre-

ment and a correction to the clock.

5. Velocity Change

This routine begins by orienting the rocket engine thrust

line in accordance with computer commands by using the same

sequence of operations already described for the radio trans-

mission. The engine is fired for a sufficient duration to pro-

vide the impulse called for by the computer monitored by the

pendulous float accelerometer. During the thrusting period,

attitude control is maintained by gimballing the engine or other-

wise directing the thrust vector in order to null the CIGS gyro

outputs. This routine, like all the others, is completed by

returning the vehicle to its quiescent, energy-collecting mode

of operation.

6. Mission Objective Routines

These routines will control the sequence of events re-

180
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quired to a.c¢omplish the spacecraft's ultimate missions. It will

most likely be initiated on the basis of observed positional data

as well as clock time. Some of the sub-routines which may be

involved are _

(a) spatial re-orientation to accomplish TV photography,

probe ejection, etc

(b) velocity change to accomplish atmospheric entry,

transfer to satellite orbit, etc; and

(c) planetary disc scanning to monitor altitude above

planet's surface.

!i is perhaps true that, in addition to its primary role,

the CIGS could pr'ofitably be used for other spacecraft functions.

This is particularly true with regard to the digital computer

which will be available most of its useful life for timing and

sequencing signals, arithmetic computations, logical decision

making_ apd malfunction analysis.

The final section of this chapter which follows is intended

to support by engineering analyses the functional changes in

guidance and control made over those methods proposed in R-235.

Ill. Revisions to System Functions Proposed in. Report R-235

A. Use of Iodine Jet for F_ne Angular Momentum Control

1. Background

Report R-235 proposed the use of solar vanes to provide

the correc:tive torques necessary for fine angular momentum re-

du_tJor (recall the assumption that course angular momentum re-

duction would be accomplished with the ship's rocket). Though

the use of the solar vanes appears to permit efficient, reliable

performance of the desired operation, further study into means

for obtaining small ex_ernal torques has resulted in at least a

tentative preference for the sublimating iodine jet (described fully

in Chapter 7)_ It will be seen that a single source of iodine vapor
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feeding two nozzles so as to provide a positive or negative torque

about a single axis (the x-axis) is sic_pler and more adaptable to a

multitude of vehicle configurations than the solar vane system_

both with respect to electro-mechanical design and speed of appli-

cation.

2. Mode of Operation

It is assumed that fine angular momentum reduction will

be accomplished once per week, probably immediately prior to

a radio transmission routine. In addition, fine momentum re-

duction will be accomplished promptly following course angular

momentum reduction and immediately before and after each navi-

gational velocity correction° This momentum reduction schedule

permits the attainment of maximum accuraey in spatial orien-

tation during radio transmission and velocity correction. Also

by limiting the build-up of angular momentum the control fly-

wheel duty cycle can be held below 1% during the major portion

of the vehicle's voyage when it is tracking the sun and collecting

solar energy. The proposed jet configuration, illustrated in

Fig. 4-3_ consists of two opposing nozzles which thrust in the

y-z plane_ thereby providing positive or negative torque about

the x-axis only. This configuration results in a simple procedure

+ + _h_1 i+ +_ +_ _ _l__n_ h_ +h_ _a,_ _ha_ torques _,,c o_,_c, axes _ kJl l-k

result from thrust misalignments and center of mass shifts in

the direction of the x-axis. Another advantage is that leakage

thrusts tend to cancel each other, Other ¢.onfigurations, includ-

ing a single nozzle design_ were also studied and later discarded.

The first step in fine angular momentum (H) reduction

consists of measuring and reducing the component of H parallel

to the sun-line. This is accomplished by sampling revolutions

of the x-axis control flywheel over a time interval of approxi-

mately 30 seconds while the vehicle tracks the sun and a star

(wi.th the body-fixed sun tracker and mobile star tracker re-

spectively). Wheel revolutions are measured by accumulating
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bits from digital pickoffs, as described in R-235 Chapter 6. The

number of wheel revolutions during the sampling interval is an

accurate indication of the desired H component (H sun line )'

since the vehicle is not rotating and the time interval is sufficiently

long to subdue the effects of unwanted bits (such as those due to

noise and small vehicle oscillations). Through calibration data

already stored, the computer commands the appropriate jet valve

to open so as to exert a torque about the x-axis directed opposite

to H sun line" At the end of a computed thrusting interval, valve

closure is commanded.

Because the jet thrust and vehicle inertia may have changed

significantly since the previous calibration, much of the measured

sun-line component of H may remain. Another measurement of

this momentum component is therefore made to determine if it is

yet below a specified criteria and to permit the computation of a

calibration factor for the next reduction period. This factor is

merely the ratio of positive torque duration to the measured reduc-

tion of wheel speed. It is expected that one or two repetitions of

this step will render the sun-line component of H less than 0.4bit/sec

(or 0.001 deg/sec). The calibration procedure described effectively

provides for the expected slow variations of jet thrust and vehicle

momentum such as those due to temperature changes and fuel exhaus-

tion.

The second step consists of measuring and reducing the com-

ponent of H perpendicular to the sun.-line. To accomplish this, the

vehicle, which has been tracking the sun. and a star, is turned

-90 degrees about the y-axis so as to point the energy-collecting

face (and z-axis) toward the sun. The sun is tracked with the sun

finders in control of the x and y control flywheels in the damped,

no-dead-zone mode of operation. The spacecraft is now stationary

because sun tracking eliminates any average velocity about the x

or y axes, and the previous step has resulted in negligible velocity

about the z axis.
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The x and y wheel revolutions are now sampled over a

time interval of about 30 seconds_ providing a measurement of

H and H which is sufficiently free from errors due to unwanted
x y

bits. Since the jets can provide torque only about the x-axis,

the vehicle is rotated through the angle, tan -1Hy/Hx, about the

z-axis and the appropriate valve is actuated to provide torque

directed opposite to the measured I=I component. The computer

shuts off the jet upon the comp!e!i0n of a thrusting interval cal-

culated proportional to _/H 2 + H 2 As in the reduction of the
x y

sun-line H component, a test and calibration is then performed

followed by another torque application if necessary.

The first step is now repeated to eliminate any momentum

component in the sun-line direction which may have been intro-

duced by the second step due to center of mass shifts in the x

direction or thrust misalignments. After the first step is re-

peated, the total angular momentum should be less than that

corresponding to 0. 001 deg/sec of vehicle rotation. This can be

checked by sampling all wheels to see that H x, H and H arey z
each sufficiently small. The spacecraft is now in the correct

position (tracking the sun and a star) to initiate accurate spatial

re- orientations.

It is obvious by reference to R-235 that the above pro-

cedure requires less time than the procedure employing solar

vanes, The electro-mechanical simplicity and reliability of the

iodine jet system system should be equally apparent.

3. Selection of Thrust Level

Several factors limit _;he range of suitable iodine jet

thrust levels. A thrust level above this limiting band would

have at least the following undesirable features"

(a) Interference with control flywheels: Since the jet

will operate while the vehicle is held motionless by the control

flywheels, it is important that its torque not be so large as to

interfere with the stabilizing torque of the wheels (2.7 x l05dyne -cm).

184
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This consideration limits jet thrust to less than about 1000 dynes

(assuming a moment arm of 60 cm).

(b) Excessive leakage: Reference to Chapter 7 will show

that higher thrust levels are obtained using larger pressures and

exit areas which would result in greater difficulties in restraining

leakage. This leakage, if large enough, can result in very high

propellant consumption rates and, possibly more important, the

build-up of excessive angular momentum during the week between

momentum reduction. If one makes a pessimistic assumption of

leakage thrust one might expect a leakage torque to rated torque

ratio of 1/100,000. Therefore, a reasonable requirement that

weekly angular velocity build-up be less than 0.025 deg]sec limits

thrust below 700 dynes.

(c) Value closure errors: The iodine jet control valve is

of extremely simple construction in order to help achieve the

necessary reliability and light weight. For this valve, an uncer-

tainty in closure time of 0.01 sec is anticipated; thus, to maintain

angular velocity below 0.001 deg/sec, thrust must be below 10,000

dynes.

Satisfactory thrust levels are also bounded at the lower

extreme by several factors. For example, thrust below a certain

level would be impractical because of fabrication tolerances, lack

of repeatability, contamination problems, etc. Very small thrusts

would also require excessive time for angular momentum reduction

and hence would result in excessive power consumption and wear of

equipment. It is evident that one should design as close as possible

to the upper limit.

A thrust level of 400 dynes, at the maximum expected iodine

temperature of 90°F, has therefore been selected for the proposed

system. A lower internal temperature would result in lower thrusts;

for example, thrust would be about 70 dynes at 50°F. The selection

of 400 dynes also gives a safety factor of about two to alloW for very

high temperatures, in-flight reductions of moments of inertia, etc.
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The following table lists some of the principal design

features of the Iodine Jet system.

Thrust at 90°F

Nozzle exit area

Moment arm

Vehicle inertia

Thrust duration to eliminate

0.1 deg/sec at 90°F

Residual angular velocity

Weekly angular yelocity build-

up due to jet leakage

Angular velocity sampling

interval (minimum)

Design tolerance on thrust

misalignment

System weight including

2 ibs iodine

400 dynes
2

1.0 cm

60 cm

6 x 10 8 gin- cm 2

45 seconds

0. 001 deg/sec

0. 025 deg/sec

30 sec

+1 deg

3.2 lbs

jet.

Refer to Chapter 7 for a detailed description of the iodine

B. Use of Gyros for Control of Spatial Attitude Changes

1. Summary

It appears that the CIGS gyros, already required for

attitude control during rocket operation, should also be used to

control spatial re-orientation about the transverse (x and y) axes.

Errors less than 1/2% seem reasonable even without calibration.

The amount of additional equipment required to utilize the gyros

in this way is very small, being represented almost entirely by

the pulse modulating circuit described below.

2. Background

Report R-235 proposed that spatial re-orientations be

measured and therefore controlled by counting momentum control
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flywheel revolutions. It will be recalled that this operation

would be controlled by the digital computer in the Counter Con-

trol Mode through which the vehicle is rotated about one axis at

a time until prescribed wheel rotations a/'e accumulated. The

errors made in this mode of operation are primarily attributable

to uncertainities in the knowledge of vehicle moments of inertia

and the disturbing torques due to rotating equipment and pro-

pellant sloshing. Use of gyros for controlling spatial attitude

changes would circum.Vent these problems, thereby making

greater accuracy available. They would also make the system

operation more independent of the particular spacecraft charac-

teristics.

3. Mode of Operation

The system configuration studied is illustrated in Fig, 4-4

for either the x or y channel. It is not proposed to use a gyro

for control about the longitudinal (z) axis because accuracy re-

quirements are sufficiently relaxed not to warrant the addition

of another gyro. Torque (T) is applied to 1;he vehicle as before

by acceleration or deceleration of the appropriate control fly-

wheel. The gyro, being rigidly attached to the vehicle, senses

changes in attitude (e). Null operation of each gyro is maintained

by using !gyro output (displacement of the gimbal from null, Ag)

to admit either positive or negative current pulses of amplitude I

to the gyro torque microsyn so as to restore the float to its null

position. The average current is just sufficient to provide the

torque needed to balance the precessional moment due to vehicle

rotation. Hence, accumulation of these pulses in a computer

storage register provides a continuous knowledge of vehicle ro-

tation. The computer then controls the flywheels in a fashion

similar to that described in R-235 for the Counter Control Unit.

The essential change over the system in R-235 is that rotation

is measured by a gyro rather than by counting wheel revolutions.

Note that the Counter Control Unit will no longer be required, for

it has been found that the computer has sufficient speed to perform
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the function of simultaneously counting the rotations and outputs of

all space vehicle accessories.

4. Description of the Gyro

The MIT 16 IG gyro is proposed for use in the space vehicle

guidance system. It would be modified by the use of a new flotation

fluid, "Flouro-chem", which remains liquid in the expected ambient

environment. It has been suggested in R-235 and in this report to

mount the gyros, momentum wheels, and accelerometer in a her-

metically sealed container inside of which an ambient temperature

of 50-70°F is expected. In this environment the power dissipation

within the gyro (2.5 watts) would maintain the unit at about 90°F

without a temperature control system. In this crude application

the gyro can be expected to have a drift rate of about 3 deg/hr. The

unit weighs 5 oz and measures 1.600 in. diameter by 1.925 in. long.

5. Description of the Pulse Modulating Circuit

The pulse-modulating circuit is illustrated in Fig. 4-5. It is

used to control the flow of precisely regulated current pulses to the

gyros and accelerometer. The three inertial units, two single-

degree-of-freedom gyros, and one pendulous accelerometer are

restrained about their null positions. The restraining torques are

either positive or negative as determined by the position of the flip-

flop associated with the particular unit. With the flip-flop in one

position, the current through the microsyn winding is in a direction

to create a negative torque on the floated unit; the other flip-flop

position creates a positive torque.

The secondary windings of the microsyn are connected in

series to a constant-current source IDC , as shown in Fig. 4-5.

Besides providing the reference current for each microsyn, the

secondary winding is also used to indicate the displacement of the

float (Ag). Clock pulses, displaced in phase 1.0 milliseconds, sam-

ple each inertial unit in turn, leaving the torque in such a
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direction to drive the float towards null until the next sampling

time. Sensing cores, shown in series with the microsyn windings,

are available for interrogation by the computer which counts

(integrates) the net torque pulses applied to each unit.

The total pulses for each gyro represent the total angle of

vehicle rotation applied about the x and y axes, respectively.

The total accelerometer pulses represen_ z-axis velocity change.

Operation sequence: Initially, clock pulse C 1 switches the

state of the x-gyro flip-flop. This causes a large inductive voltage

to appear across the primary winding of the x-gyro microsyn and

the current starts decreasing. At the same time, a voltage is in-

duced in the secondary winding which is proportional to the product

of this large primary voltage and the error angle of the float, Ag.

This effect is identical in operation to that of the ordinary signal-

generator mierosyn, with the exception that voltage steps, rather

than sine waves, are applied to the primary of the microsyn.

The a-c amplifier senses the secondary output immediately

after the flip-flop switches. Since the other microsyns have not

been switched on C 1, no conflicting outputs occur from their respec-

tive secondaries.

The amplifier output following clock pulse C 1 is arbitrarily

positive if the previous torque pulse did not succeed in driving the

float through null. This positive output is directed to the "and"

gates associated with each flip-flop of Fig. 4-5. Since only the

x-gyro microsyn has a high induced voltage feeding the "or" gate,

only the x._gyro "and" gate will pass the amplifier pulse. This

pulse switches the flip-flop back to its previous position, thereby

continuing torquing of the unit towards null until the next C 1 pulse.

In the alternate instance, where the float has been driven

past null during the previous period, a zero or negative output
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where N is the net number of current pulses (number of positive

pulses minus the number of negative pulses} of amplitude I and

duration At. For the system under consideration one pulse

corresponds to 0. 008 degrees of vehicle rotation.

Fig. 4-6 illustrates the operation of the system when the

vehicle is being rotated at 1 deg/sec. The following parameters

have been used:

I = 2 deg/sec;

H = 104gin- cm2/sec;

H

C--_ ,= i;

T = 0. 001 sec; and
g

At = 0. 004 sec.

These parameters can be obtained using the MIT 16 IG:_g-yrohnheated

at the expected ambient temperatures.

7. System Errors

The precision current pulses will be regulated within

about 1/2%. All other errors would then be negligible and spatial

attitude changes should be accomplished with over-all errors of

about 1/2%. It should be noted that coupling effects (due to ro-

tations about the z-axis) are only negligible if fine angular mo-

mentum reduction has been accomplished prior to spatial re-

orientations. More accuracy can be achieved by calibrating

the gyro.

C. Use of Torqued Floated Pendulum for Velocity Change

Measurements
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equals - I deg/sec.
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i. Summary

The extreme similarity between the floated integrating

gyro and the floated pendulum (which is simply the former in-

strument without the spinning gyroscope wheel but with a small

unbalance about the output axis) would almost seem to dictate

their use together if at all. The economy of external circuitry

thus permitted is amply shown in the preceding section where

the pulse modulating circuit is described. Furthermore, the

pulse-torqued floated pendulum is a proven component contrasted

to the pendulous watch-movement accelerometer proposed in

R-235. Therefore, it is felt that, should the pulse-torqued gyro

be used for measuring spatial re-orientations, the pulse-torqued

pendulum should be used also. If this does not turn out to be the

case, experimental work would be required precedent to an

intelligent selection.

2. Mode of Operation

The pulse-torqued floated pendulum would be used in a

fashion completely similar to that already described for the

pulse-torqued floated gyro. That is, in the presence of the

torque due to acceleration on the unbalance mass, the instru-

ment torque generator is supplied with positive or negative pulses

as required to maintain the float at its null position. The average

input current is then proportional to vehicle acceleration. Then

the net quantity of current pulses is proportional to the velocity

imparted by the spacecraft rocket engine.

3. System Dynamics

If we define ml as the unbalance about the instrument

output axis, and use the other terms already defined, we obtain

for the instrument equation:

Tg_g+_kg =_dI-_dl V.
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Thus the pendulum responds in angular velocity about

the output axis as a first order lag behind the input current and

vehicle acceleration.

If the equation is integrated over a "long" period of time
$ oo

so that changes in A and A
g g

S t

are negligible, one obtains:

S t
I dt =_ I At N,

where N is the net number of current pulses of amplitude I and

duration At.

Response of the accelerometer to a constant input accel-

eration is exactly of the form shown in Fig. 4-6 for the pulsed

gyro response to steady vehicle angular velocity.

By adjusting the instrument pendulosity, a wide range of

scale factors are made available. Even if one uses a torque

microsyn gain identical to that used in the gyros, one obtains a

maximum available torque of 350 dyne-cm. For a reasonable

pendulosity range of 0.1 to 10 gram-cm, the system is then

capable of measuring peak accelerations of 3.57 to 0. 0357 "g's"

respectively. The corresponding current pulses would then

represent 14 cm/sec to 0.14 cm/sec. The range of scale factors

can be widened further by changing microsyn gain and current.

4. Velocity Measurement Error

This error is essentially determined by the regulation

of current pulses and should therefore be about i/2%, which is

sufficiently small.

D. Thermal Control

thermal control system is required to maintain

acceptable temperature for the guidance equipment because of

the large variation of incident solar energy during flight. Since

the thermal-mechanical interface between the guidance syste_

and spacecraft is unknown at this time, we have done no more

196 ....



°O

0 gle ,T0
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the output axis as a first order lag behind the input current and

vehicle aecele ration.

If the equation is integrated over a "long" period of time

so that changes in A and A
g g

are negligible, one obtains:

S t
I dt =--_ I At N,

where N is the net number of current pulses of amplitude I and

duration At.

Response of the accelerometer to a constant input accel-

eration is exactly of the form shown in Fig. 4-6 for the pulsed

gyro response to steady vehicle angular velocity.

By adjusting the instrument pendulosity, a wide range of

scale factors are made available. Even if one uses a torque

mierosyn gain identical to that used in the gyros, one obtains a

maximum available torque of 350 dyne-era. For a reasonable

pendulosity range of 0.1 to 10 gram-em, the system is then

capable of measuring peak accelerations of 3.57 to 0. 0357 "g's"

respectively. The corresponding current pulses would then

represent 14 cm/see to 0.14 cm/sec. The range of scale factors

can be widened further by changing microsyn gain and current.

4. Velocity Measurement Error

This error is essentially determined by the regulation

of current pulses and should therefore be about 1/2%, which is

sufficiently small.

D. Thermal Control

7k thermal control system is required to maintain

acceptable temperature for the guidance equipment because of

the large variation of incident solar energy during flight. Since

the thermal-mechanical interface between the guidance system

and spacecraft is unknown at this time, we have done no more
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than lay out in a preliminary way what might be suitable system.

This system, which assumes that one end of the guidance contaiaer

will be sun-oriented most of the time, regulates the amount of

collected solar power by controlling the ratio of heat-reflecting

to heat-collecting area. Refer to Fig. 4-7 for a schematic

diagram.

1. Temperature Control System

The temperature control system consists of a passive

bi-metallic element as an actuator for "fan blade" shutters

which move over and beneath heat collecting surfaces. The fan

blades are reflecting surfaces with the same pitch as the corre-

sponding heat collecting surfaces. For maximum heat input,

the reflecting surfaces are completely under the collecting

surfaces. For minimum heat input the reflecting surfaces are

completely over the collecting surfaces. The bi-metallic actu-

ator is located centrally in a position which adequately senses

collecting plate temperature. The fan blades are supported

only by the bi-metallic element, with limit stops at strategic

places to prevent damage during booster operation.

Heat is conducted from the collecting surfaces to the

guidance equipment through welds around the outer edge to the

cylindrical case and through welds at one edge of each collecting

surface to the end bulkhead.

2. Thermal Data

The following data describe the thermal properties of the

cylindrical guidance package.

Material

Cylinder length

Cylinder diameter

Cylinder wall thickness

Sunny end bulkhead thickness

Heat collector surface thickness

aluminum

22 in

ii in

0.! in

0. i in

0. i in
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Surface Characteristics of thermal control surfaces:

Absorptivity of reflecting surface,

Absorptivity of collecting surface,

Emissivity of reflecting surface,

Emissivity of collecting surface,

Emissivity of surface areas not

facing the sun,

a =0. i
r

a =0.9
C

¢ =0.I
r

c =0.3
C

C =0.05

This configuration results in an average internal temper-

ature of about 70°F at any point in space between Venus and

Mars. The temperature difference between hot and cold sides

will be about 12°F,

E. Control Flywheel Re-.scalin_

1. Summary

The control flywheels selected for the CIGS have an angular

momentum of 107 gm-cm2/sec at a synchronous speed of 12,000

rpm. Their hysteresis motors are sized to develop synchronous

speed in 40 seconds which is just twice the run-up time proposed

in R-235 for the interplanetary probe. Each wheel will then con-

sume 50 watts of 400 cps power (75 watts of dc power before

conversion) and develop 2.7 x 105 dyne-cm of torque.

2. Selection of Wheel Momentum

Each flywheel must have sufficient angular momentum

to balance the spacecraft's momentum about the same axis while
2

slew':ng Spacecraft moments of inertia of 6 x 108 gm-cm and

slewing speeds of I deg/sec therefore set the wheel momentum

at I07 gm-cm2/sec_ The preference for a hysteresis

mo':or is jusi::f!ed in R-235, Chapter 9, The MIT 10 FG gyro rotor
7 2

whichdeveleps 10 gm-cm /sea at 12_000 rpm was then selected

as reFresentat_,ve for the CIGS application.

Severa.i factors ]ead to the requirement for a slewing

speed of ] deg/seeo Smaller slewing speeds would result in

longer s]e.wing t!mes and therefore more stringent requirements
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for gyro drift rate during spatial re-orientations and planetary

disk scanning. Slewing at l deg/sec permits us to accept a

drift rate of about 3 deg/hr, which can be achieved without

closed-loop temperature control and precise compensation of

the gyro. Also, l deg/sec is an order of magnitude larger than

the spacecraft angnlar velocities which, without the flywheels,

would result from the reaction to rotating equipment, the in-

fluence of unwanted external torques and the unrefined perfor-

mance of the attitude control system during rocket, operation.

Thus a 1 deg/sec slewing speed leaves a comfortable margin of'

safety in flywheel momentum-balancing capacity.

On the other hand a higher slewing speed does not appear

to be warranted because more momentum-balancing capacity

would be superfluous, and because the reduction of gyro drift

errors would probably not justify the high price pa_d in terms

of greater wheel size and power and increased computer samp-

ling and counting speeds.

At least for the present purpose, a slewing speed of

1 deg/sec appears to be reasonable. A different wheel momen-

tum might, of course, prove to be more suitable in real appli-

cation.

3. Selection of Motor Torque

The determination of wheel, run-up time or net torque

leads to a consideration of the required electrical energy and

power. For the motor size and type applicable here, power-

to-torque ratios of the order of 2 x 10 -4 watts per dyne-cm can

be expected. A probable upper limit is about 10 6 dyne-cm, be-

cause of the space available for stator copper. Another general

consideration is that high torques and consequently "large" space-

craft angular accelerations lead to "fast" dynamics, which in

turn assure rapid completion of spatial re-orientations and quick

settling of tracking oscillations. Thus, only a weak dependence

of total energy requirements on selected torque might be expected.
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Starting with the angular acceleration selected for the

R-235 £nterplanetary probe it can be seen that 1/20 deg/sec 2

would necessitate a motor torque of 5.4 x 105 dyne-cm, which

is approaching the upper limit on motor size. The required

power would also be high - about 100 watts at the wheel or 150

watts delivered to the 400 cps power supply per wheel. Further

examination leads to the selection of 1/40 deg/sec 2 and 2.7 xl0 5

dyne-era for angular acceleration and torque respectively. These

appear to be reasonable figures which lead to a comfortable motor

size and only half the power levels just described. Slewing times

are only slightly larger than for the higher torque case, being

130 sec for a 90 degree attitude change instead of 110 sec. Com-

pared to the results shown in R-235, large tracking oscillations

will require twice the damping times and will have steady-state

periods _'times as long for equivalent amplitudes.

Total energy needed for spacecraft mobility is then a

little less than would be required at higher torques. Even

smaller torque levels might be preferable, but, without more

information on spacecraft characteristics, we are reluctant to

consider smaller torques which might not be sufficiently large

in comparison with interfering torques generated within the

spacecraft.

F. Revised Power Estimates

The original power estimates in R-235 generally apply

to the proposed guidance system except for the deletion of cer-

tain accessories and the increase in control flywheel power re-

quirements.

Table 8-1 of R-235 is shown in revised form in Table 4-2.

The control flywheel power has increased from 30 to 75 watts

for each axis.

Table 4-3 is a revision of Table 8-II in R-235. The

principal differences are due to the increased control flywheel

power. The average monthly power required is 1. 3 watts.
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TABLE 4- 2

ESTIMATED POWER REQUIREMENTS

Operation

Clock

Leakage in l_olding switclles

Computer

Low speed

Medium speed

High speed

Sunfinder s

Control flywheels, each

Sextant drive

Tracker motors and circuitry

Sensing pickoffs

Gyros (2 wheels and circuitry)

Accelerometer

Iodine jet valve

Watts

0.1

0.15

O. Ol

0.7

50

O. 005

75

lO

40

5

lO

2.5

i0

TABLE 4-4

DORMANT POWER DISSIPATION

Operation

x-wheel i/2% duty cycle

y-wheel i/2% duty cycle

Sunfinders

Clock

Computer_ standby

Leakage for holding switches

Watts

0 375

0 375

0 001

0 i0

00l

0 15

Total Average Power i. Ol

2O3

, • I "_ 5 _
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Table 4-4 shows the revised dormant power consumption.

This is essentially the same as Table 8-111 of R-235 except that

the flywheel power is higher and the power required for the

clock and sunfinders is reduced.

The average power for both the dormant functions and

the high-power functions of the vehicle is about 2.3 watts.
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